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Aim To evaluate the diagnostic accuracy and reliability in children, of morphometric vertebral 
fracture analysis (MXA) by using semi-automated 6-point (SpineAnalyzer™) and 33-point 
(AVERT™) software techniques developed for vertebral fracture diagnosis in adults, which record 
percentage loss of vertebral body height.  
Materials and Methods (i) Retrospective analysis of 137 paediatric lateral spine radiographs (T4 
to L4) by five observers using SpineAnalyzer™. (ii) Retrospective analysis of 100 (50 dual-energy 
x-ray absorptiometry (DXA) and 50 radiographic) images collected from Sheffield Children’s 
Hospital, by two observers using SpineAnalyzer™ and AVERT™. For (i) and (ii) a previous 
consensus read of radiographs by three paediatric radiologists using a simplified algorithm-based 
qualitative technique served as the reference standard. (iii) 420 lateral spine DXA were 
retrospectively collated of children aged between 5 and 18 years. Vertebral fracture assessment 
(VFA) was performed by an expert paediatric radiologist and served as the reference standard. For 
(i), (ii) and (iii), diagnostic accuracy (sensitivity, specificity, false negative (FN) and positive (FP) 
rates) was calculated. Inter and intraobserver agreement levels were calculated using the kappa 
statistic.  
Results For (i) and (ii) Low diagnostic accuracy and poor inter and intraobserver agreement were 
obtained.  For (iii) Overall sensitivity, specificity, FP and FN rates using MXA were 89%, 79%, 
21%, and 11% respectively, but for mild fractures alone were 36%, 86%, 14%, and 64% 
respectively. MXA reached only moderate agreement when compared to the visual semi-
quantitative VFA technique, with fair to moderate inter and intraobserver agreement. 
Conclusions Neither AVERT™ nor SpineAnalyzer™ is satisfactorily reliable for vertebral fracture 
diagnosis in children. In order to facilitate the detection of mild vertebral fractures in children, a 
paediatric standard is required which not only incorporates specific vertebral body height ratios but 
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Fractures are a common occurrence during childhood. Indeed, some children are born 
with bone problems or skeletal diseases which make their bones weaker. In these cases, 
they are more likely to develop fractures, including vertebral fractures. These vertebral 
fractures are different from osteoporotic fractures of the limbs in the sense that they are 
normally silent and if they are not treated, progressive degeneration of vertebral body 
height occurs along with development of scoliosis. However, if diagnosed early, 
medical care can be initiated (such as providing treatment with bisphosphonates) to 
limit the progression of fractures. 
There are a number of factors that have motivated the research undertaken in this PhD 
thesis. Over the past 20 years, much research has been conducted on osteoporotic 
vertebral fracture in adults, but rather less effort has been devoted to paediatric 
vertebral fractures. Ultimately, this study aims to increase our understanding of this 
demographic. Additionally, there is no accepted standardised technique for detecting 
vertebral fractures in children as yet, which depends to a large degree on identifying 
loss of vertebral body height and modifications in shape. Traditionally, osteoporotic 
vertebral fractures are diagnosed from lateral spine radiographs; however, a small 
number of studies have shown that dual energy x-ray absorptiometry (DXA) is 
comparable to radiographs for identifying vertebral fractures in children, allowing 
reduced radiation exposure. Vertebral fracture assessment (VFA) is the term given to 
diagnose vertebral fractures using DXA. It should be noted that the diagnosis of 
vertebral fractures in children is highly dependent on the experience of the radiologist 
reviewing the lateral radiograph and/or VFA, and whilst it is relatively easy to diagnose 




reasons behind this difficulty include the lack of an objective reference standard for 
normal vertebral shape, and the absence of a standardised scoring system. This latter 
reason has caused significant variability of diagnosis between different observers when 
diagnosing vertebral fractures in children. To address these issues, an objective tool 
that (when compared to the subjective and semi-quantitative methods presently 
available) can allow more valid and accurate identification of vertebral fractures in 
children is required. Semi-automated software programmes, such as SpineAnalyzer™ 
(Optasia Medical, Cheadle, UK) and AVERT™ (Optasia Medical, Cheadle, UK) may 
be the solution, but so far, limited studies have been carried out to evaluate 
morphometric vertebral fracture analysis (MXA) using these programmes in children. 
Importantly, such tools will allow non-radiologist readers, who may not have advanced 
training in radiology (technical staff and/or physicians), to perform the semi-automated 
vertebral morphometry measurements, thereby freeing the radiologist from such work.  
1.2 Aims and objectives 
The overarching objective of this study is to enhance the assessment of vertebral 
fractures in children by determining the clinical use of semi-automated software 
programmes that already exist for adults in terms of their success in the identification 
of vertebral fractures in children.  
To achieve this overall aim, the sub-aims and objectives of this PhD are as follows: 
1. To describe osteoporosis in children, highlight current diagnostic techniques for 
vertebral fracture diagnosis, and to outline the different scoring systems available 
for recording severity of vertebral fractures in children. 
2. To assess the accuracy and reliability, when used on children, of the semi-




4.0.2.19) developed for vertebral fracture diagnosis in adults, which records 
percentage loss of vertebral body height. 
3. To assess whether observer reliability and diagnostic accuracy of MXA for the 
identification of vertebral fracture in children are improved by using a 33-point 
semi-automated programme (a novel programme called AVERT™) compared to 
the 6-point programme (SpineAnalyzer™). 
4. To evaluate MXA using AVERT™ on a large cohort of children with chronic 
disease. More specifically, using the latest iDXA imaging technology and 
comparing with using the visual semi-quantitative (SQ) method by an experienced 
paediatric radiologist for the identification of vertebral fractures in children. 
5. To assess inter and intraobserver agreement of MXA independently performed by 
three consultant paediatric musculoskeletal radiologists and an experienced clinical 
scientist using AVERT™. 
1.3 Outline of thesis 
This thesis has been written and presented as an alternative format thesis (suitable for 
submission for publication in a peer-reviewed journal). The reasons for selecting this 
format were to reduce the time spent rewriting publications into thesis chapters, as well 
as to enhance my writing for publication skills. Permission has been obtained to submit 
the thesis in alternative format (Appendix 3, page 182). 
This PhD thesis contains the following chapters: 
Chapter Two defines osteoporosis in children, summarises the factors that affect bone 
health with a critical review of current techniques for diagnosing vertebral fractures in 




severity of vertebral fractures in children. This entire chapter has been published as a 
review paper in Pediatric Radiology. DOI: 10.1007/s00247-018-4279-5 
Chapter Three includes an evaluation of the observer reliability and diagnostic 
accuracy of the semi-automated 6-point technique developed for vertebral fracture 
diagnosis in adults using a semi-automated software programme (SpineAnalyzer™) on 
lateral spine images of 137 children and adolescents. This evaluation is the largest to 
assess vertebral morphometry in children using the semi-automated 6-point technique 
software. This chapter has been published as an original article in Clinical Radiology. 
DOI.org/10.1016/j.crad.2017.04.010 
Chapter Four extends the results of Chapter Three and compares the results of the 6-
point technique software (SpineAnalyzer™) on radiographs to a novel 33-point 
technique programme (AVERT™). Both programmes were applied on radiographs and 
DXA images performed on the same day on 50 children by two observers. To my 
knowledge, this is the first report which has aimed to assess two programmes on two 
different modalities (DXA and radiographs) for the identification of vertebral fractures 
in children. This chapter will be submitted for publication in Clinical Radiology. 
Chapter Five further assesses the most effective MXA method identified in Chapter 
Four - DXA-VFA with AVERT™. This technique was applied on a range of 420 
children and adolescents with chronic conditions associated with vertebral fractures. 
This is the largest study to date assessing MXA for vertebral fracture identification in 





Finally, Chapter six includes an integrated summary and discussion of the studies 
presented in this thesis before drawing its final conclusions and suggesting directions 
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Osteoporosis is a generalised disorder of the skeleton with reduced bone density and 
abnormal bone architecture. It increases bone fragility and renders the individual 
susceptible to fractures. Fractures of the vertebrae are common osteoporotic fractures. 
Vertebral fractures may result in kyphosis or height loss and because they may be 
clinically silent, it is imperative that vertebral fractures are diagnosed in children 
accurately and at an early stage, so that the necessary medical care can be implemented. 
Traditionally, diagnosis of osteoporotic vertebral fractures has been from lateral spine 
radiographs, however, a small number of studies have shown that dual energy x-ray 
absorptiometry (DXA) is comparable to radiographs for identifying vertebral fractures 
in children, allowing reduced radiation exposure. The diagnosis of vertebral fractures 
from DXA is termed vertebral fracture assessment (VFA). Existing scoring systems for 
vertebral fracture assessment in adults have been assessed for use in children, however 
there is no standardisation and observer reliability is variable. This literature review 
suggests the need for a semi-automated tool that (compared to the subjective and semi-
quantitative methods currently available) will allow more reliable and precise detection 
of vertebral fractures in children. 
2.2 Keywords 
Children – Dual energy x-ray absorptiometry – Diagnostic scoring system – 







Fractures are common in childhood. Around one third of United Kingdom children will 
suffer from at least one fracture during their childhood [1]. Osteoporotic vertebral 
fractures are increasingly recognised in children with either primary e.g. osteogenesis 
imperfecta [2] or secondary low bone mineral density including acute lymphoblastic 
leukaemia, inflammatory bowel disease and glucocorticoid use [3,4]. Nearly one in five 
children with a rheumatological condition will have a vertebral fracture[5] and rates 
are similar or even higher in other conditions e.g. 16% in acute lymphoblastic 
leukaemia[6], up to 75% in Duchenne muscular dystrophy[7] and up to 100% in severe 
forms of osteogenesis imperfecta (personal experience of the senior author). Outside 
the context of major trauma, the occurrence of vertebral fractures in children is an 
indication of pathological bone fragility and precise and early diagnosis is imperative 
so that appropriate medical care can be initiated. 
Techniques used for detecting and analysing vertebral fractures in clinical and/or 
research practice include conventional radiography, computed tomography (CT), 
magnetic resonance imaging (MRI) and dual energy x-ray absorptiometry (DXA). 
Traditionally, the most common method for diagnosing vertebral fractures is x-ray, 
although DXA has now shown itself able to diagnose vertebral fractures with the 
advantage of also determining bone mineral density [8]. Vertebral fracture assessment 
(VFA) is the term given to the diagnosis of vertebral fractures from DXA scans [9]. 
This technology is more or less in routine clinical use in adults, complimented by 
validated scoring systems [10,11]. Conversely, VFA is less widely used in children and 
specific paediatric scoring systems are yet to be fully validated [8,12-15]. Table 2.1 
summarises the advantages and disadvantages of DXA and radiographic imaging of 




This review defines osteoporosis in children, summarises the factors that affect bone 
health, highlights current diagnostic techniques in respect to vertebral fracture 
diagnosis and outlines the different scoring systems available for recording severity of 
vertebral fractures in children.  






DXA - Easily and rapidly applicable 
during BMD measurement  
- Less cost  
- Less radiation dose (1–6 μSv) 
- The entire spine is visualised on 
a single lateral image 
- Lateral decubitus and supine 
position with some scanners 
with a 'C' arm function e.g. 
Hologic  
- Parallax distortion is much less 
common on VFA images 
- Poor visualisation of vertebrae 
above the level of T7 
- Low spatial resolution (but recent 
advances in VFA technology have 




- Less noisy 
- High spatial resolution 
- More vertebrae are evaluable, 
especially in the upper thoracic 
spine. 
- High radiation dose (232.7 μSv) 
- The thoracic and lumber spine 
require two separate images  
- Only operable in the lateral 
decubitus position 
- Parallax distortion are common 
with cone-beam X-rays 
2.4 Osteoporosis 
2.4.1 Definition of osteoporosis in children 
According to the International Society for Clinical Densitometry (ISCD) Position 
Statement [16], in children without exposure to high-energy trauma or local disease, 
detection of one or more vertebral compression (crush) fractures (defined as a 20% 




complemented by the determination of bone mineral density (BMD), to give a complete 
evaluation of bone health. In individuals without vertebral compression (crush) 
fractures, osteoporosis is diagnosed based on the presence of a BMD Z-score ≤ -2.0 as 
well as a clinically significant fracture history; the latter being defined by one or more 
of the following:     
i. Two or more long bone fractures by the age of ten years;  
ii. Three or more long bone fractures by the age of 19 years [16].  
It is worth noting, therefore, that by definition, a child can neither be diagnosed with 
osteoporosis solely based on DXA -BMD measurements nor prior to having 
experienced at least one fracture.  
2.4.2 Factors affecting bone health  
Peak bone mass, defined as the highest bone mineral content (BMC) reached in an 
individual's lifetime, plays a major role in determining osteoporotic fracture risk [17]. 
Bone strength depends on the quantity of bone present; in general, the higher the bone 
density, the stronger the bone. Bone density has a direct relation to a bone’s material 
properties and ultimate breaking strength [18]. Therefore, fractures at lower level of 
force more commonly occur with weaker bone which has lower BMD. Bones of 
children have a lower BMC than normal adult bone. They are also more elastic (less 
stiff) and so can absorb generally more energy before fracture occurs [19]. Some 
researchers have suggested that BMD may be lower in some children who sustain 
fractures [20-22]. This is an important consideration in children who have bone density 
issues including osteogenesis imperfecta, acute lymphoblastic leukemia, 




According to Golden et al [23], factors affecting bone health may be classified as 
modifiable and non-modifiable. Modifiable factors such as diet, calcium, vitamin D, 
body weight, exercise and puberty/hormonal status are discussed in [24,25] and are 
beyond the scope of this review, which concentrates on the non-modifiable factors sex, 
age and ethnicity.  
2.4.2.1 Sex  
Generally, it has been observed across all ethnicities that in adults, fractures are more 
likely to occur in females, especially older postmenopausal women. During childhood 
on the other hand, boys sustain more fractures than girls at all ages. According to the 
study by Cooper et al, which reviewed the data from 682 general practices in the United 
Kingdom on the General Practice Research Database [1], approximately 52,624 boys 
and 31,505 girls had one or more fractures over the 11-year follow-up period, giving a 
rate of 133.1/10,000 person-years. Fractures were more common in boys (incidence 
rate, 161.6/10,000 person-years) than in girls (102.9/10,000 person-years). Other 
authors report that more than 50% of boys and 40% of girls have at least one childhood 
fracture [26]. 
Boys attain a higher bone density than girls at both lumber spine and femoral neck, but 
their peak values are reached at an older age [27]. In a longitudinal study conducted on 
266 healthy children (136 males) aged 4-27 years (mean 13 years), total BMD density 
and lumbar spine and femoral neck BMD were measured [28]. Males had a higher total 
body BMD, attributed to their greater weight and lean tissue mass. In addition, boys 
are more likely to go through rapid rates of bone mineral accrual than girls. The reasons 
for an increase in BMC in boys include that they have longer, wider bones with thicker 




weight-matched females reported that long bone width was found to be greater at the 
hip and distal tibia as measured by DXA and pQCT, respectively, in boys compared to 
girls [29]. In other words, males had greater width and bone area and thus had greater 
BMC, volumetric BMD, and cortical area and thickness at different sites, including 
spine, hip, and femur and tibia compared with females. However, another paediatric 
study by Clark et al. [30]  measured humeral dimensions on 551 boys and 548 girls, 
concluding that in children at Tanner stage 1, humeral length was similar in boys and 
girls, but width (1.92 vs 1.88 cm, P<0.001) and area (47.7 vs 46.9 cm2 , P<0.001) were 
greater in boys, resulting in a greater aspect ratio of the humerus (7.78 vs 7.53, 
P<0.001) (aspect ratio of the humerus was calculated as humeral width divided by 
length). The authors suggested that further research is needed to determine whether 
humeral aspect ratio is an important factor of biomechanical strength and fracture risk, 
particularly in adult populations. 
Given all of this, it is also still uncertain whether the increase in fracture risk in boys is 
because of a reduction in bone mass or due to other factors such as alterations in 
lifestyle [31]. Thandrayen et al. suggest the latter (i.e. that boys are more active than 
girls, thus increasing their risk of fracture) [32]. 
2.4.2.2 Age 
During childhood and adolescence, BMC and BMD increase significantly; the increase 
in BMD is associated with an increase in bone size. BMC and BMD continue to rise 
across multiple skeletal sites of girls of 16 and boys of 17 years old (i.e. even after 
growth has ceased) [31]. Lu et al. studied the influence of age and growth on the total 
body, lumbar spine and femoral neck bone mineral density of 209 healthy subjects 
(52% boys), aged 5-27 years. There was a considerable age-dependent increase in 




14 years [28]. This increase achieved the highest level around the age of 17.5 years in 
boys and 15.8 years in girls.  
An additional wide-ranging study on 84,129 subjects showed that the fracture incidence 
increased in children between the ages of 4 and 17 years in both sexes [28]. A recent 
paper studied the pattern of fractures in individuals children aged 0-19 years who had 
been diagnosed with 10,327 fractures confirmed by radiographs [33]. The peak 
incidence of fractured was at age of 11-12 years in females and 13-14 years in males, 
where the most common fracture sites were the distal forearm, tibial/fibular shaft and 
the forearm shaft with 24%, 13% and 11% respectively.  Another recent study showed 
that most of fractures are located in the upper extremities (73%), 22% in lower 
extremities and less than 5% in axial skeleton including spine [34]. Both studies 
showed that the incidence of fractures increases with the age, a pattern explained by 
changes in children’s activity patterns over time. 
In short, the reasons behind this high incidence of fractures in childhood are not clear. 
Some studies [35-37] suggest that low bone mass (caused by one or more of the 
modifiable and/or non-modifiable factors) may contribute.  
2.4.2.3 Ethnicity  
Various studies have observed differences in bone strength across different ethnic 
groups. It is believed that Caucasians are more at risk of fracture than Africans and 
Latinos, with Asians being most at risk (owing to their relatively small bone size) 
[31,32, 38-40]. 
Thandrayen et al., in their 2009 study, compared two ethnic groups of South African 
children, the first being black and the second white children, with both groups being of 
the same age and having the same sex-related distribution of fractures. They showed 




ancestry children [32]. The reason for this may be explained by the 2007 study by 
Kalkwarf et al., which was conducted on 6 to 16 year old girls and boys of varying 
ethnicity [31]. At all ages, the BMC and BMD of the radius, hip and total body were 
greater for Africans compared to other ethnicities. It was discovered that African girls 
had more rapid pubertal development. In addition, it was identified that black girls and 
boys were of increased weight and height. Hammami et al. reported a greater BMC in 
black new born children compared to white [41]. Another study conducted on 48 
healthy infants showed slightly higher whole-body BMC in black infants compared to 
white infants [42]. In addition, forearm BMC was found to be higher in black compared 
to white children (131 children aged between 1-6 years old) [43].   It is worth noting 
that most studies to date have focused on Africans and Caucasians; other ethnic groups 
should be included in future studies.  
2.5 Assessment of bone mass and structure 
Low bone mass has traditionally been considered a disease suffered by the elderly, but 
it is now being diagnosed in children in relatively large numbers [12]. It is generally 
said that if the skeletal structure of a child is weak, it is very likely to remain weak into 
adult life [44]. There are several non-invasive imaging techniques to assess the risk of 
fracture and although not all are in routine clinical use for adults and/or children, each 
has its own advantages and disadvantages. These methods include DXA, quantitative 
CT, peripheral quantitative CT, high-resolution peripheral quantitative CT, quantitative 
ultrasound (QUS) and MRI. 
2.5.1 Dual energy x-ray absorptiometry  
DXA was first introduced in the late 1980s, mostly for use in postmenopausal female 




principle of DXA is the measurement of X-rays transmission through the body with 
high and low energy photons. The usage of two different energies allows differentiation 
between soft tissue and bone as follows: 1) low energy X-rays are attenuated by soft 
tissue; 2) high energy photons attenuated by both soft tissue and bone. Then, it is 
possible to measure the amount of bone by subtracting the amount of soft tissue from 
soft tissue and bone. Bone mass is measured by DXA as BMC (g) or areal BMD 
(aBMD):  
                               aBMD (g/cm2) = BMC (g)/ Bone area (cm2) 
Comparison can then be made with reference values obtained from healthy children of 
the same age, sex and ethnic background. Results are expressed as a Z-score; that is the 
number of standard deviations the BMC or BMD deviates from the expected mean. Z-
score measurement requires knowing the age, sex and ethnicity of a specific population 
of the BMC or aBMD to allow direct comparison to those who have the same 
characteristics in the reference population, as shown in following Eq:  
Z-score = (observed-mean) / standard deviation 
It is important that Z-score calculations are done to set a reference standard. This should 
be obtained on 1) data collected from the same machine manufacturer and software, 2) 
provision sex and ethnicity specific reference curves, and 3) a large sample size.  
The development of suitable algorithms allowed for paediatric DXA imaging from the 
early 1990s. The developed algorithms detect bone/soft tissue interfaces even in 
children with low bone density [45]. Although the gold standard for the assessment of 
bone mass and structure in adults is central DXA of the total hip or femoral neck [46], 





The main advantages of DXA are short scanning times (30-60 sec), low cost, 
accessibility and relatively low radiation exposure (1–6 µSv) [48]. 
There are several limitations of DXA in growing children, including inability to 
account for soft tissue inhomogeneity, inclusion of the posterior elements of the 
vertebrae in anteroposterior imaging of the spine and dependence of the results on bone 
size and morphology [49]. DXA calculates areal BMD by dividing the BMC by the 
bone area without accounting for the depth of bones. Therefore, areal BMD may be 
falsely elevated in larger bones; in other words, DXA is affected by the actual size of 
the patient. Finally, independent assessment of cortical and trabecular bone is not 
possible with DXA [50]. These restrictions of DXA are a hindrance for the assessment 
of bone density in infants and growing children and adolescents. 
To adjust for variations in bone size and to reflect the volumetric BMD, areal BMD 
may be modified using various mathematical techniques. One technique involves the 
calculation of bone mineral apparent density, by dividing BMC by bone volume rather 
than area [51]. Calculation of bone mineral apparent density is relatively reliable for 
the hip and spine, where the shape of the bone is similar to a cylinder or cube, 
respectively. Other researchers have suggested that bone area and measures of body 
size be included in a multiple regression manner that would allow the incorporation of 
body size in the calculation of BMC [52]. Another mathematical method as suggested 
by Molgaard et al. [53], involves a three-step evaluation: height for age, bone area for 
height, and BMC for bone area and allows an assessment as to whether the child has 
short, narrow or light bone structure.  
Although some studies have provided paediatric reference data for children and 
adolescents of different sex, age and ethnicity [54,55], there is a lack of normative data 




due to difficulty in positioning this population appropriately, causing movement 
artefact and technical challenges in measuring their small bones.  Unfortunately, 
common artefacts can be accrued when children are scanned with DXA which may 
affect BMD accuracy and precision. Artefacts should be limited to only metallic 
artefacts that cannot be removed such as rods, screw, pacemakers, feeding tubes and 
surgical clips. External objects such as leg braces, plaster casts or bras should be 
removed prior to scanning, or the scan should be rescheduled when these devices are 
no longer required. Other artefacts include movement and positioning aids such as 
pillows and sandbags. These should also be removed as they can also can affect BMD 
[56]. The ISCD guidelines recommended omitting any bony region of interest that may 
affect BMD accuracy and precision. However, removing the artefact function is not 
available for all scanners. For example, Hologic does not allow the operator to remove 
artefacts (e.g. deleting the very high-density pixels that are caused by metal), but GE 
lunar allows them to be painted out. Therefore, technologists and clinicians must be 
aware of any artefact that may affect the scan’s outcome. 
Other studies have established DXA reference data for infants and toddlers [57-60], but 
participant number have been small or limited to specific populations. Kalkwarf et al 
[61] provided normative bone density data of the lumber spine in 369 children aged 
between 1 and 36 months, however further studies are needed to demonstrate age, sex 
and race differences in this population. Finally, availability of DXA may vary from 
region to region, however this procedure is presently broadly accessible and certainly 




2.5.2 Quantitative computed tomography  
Distinct calculations of cortical and trabecular volumetric BMD can be obtained 
through QCT using a standard CT scanner. QCT measures true volumetric BMD 
(g/cm3) independent of body size and images to a resolution of approximately 1000 
µm. QCT 1) allows the calculation of bone size and geometry, both of which affect 
bone strength and 2) can assess volumetric BMD at axial and peripheral sites. However, 
QCT is not a preferred option for use in children because of the high radiation dose 
(2.5-3.0 mSv) [48] and the absence of normative paediatric data.  
2.5.3 Peripheral quantitative computed tomography  
Dedicated CT scanners provide an assessment of bone morphology, volumetric density 
and three-dimensional images at peripheral sites (e.g. distal radius, distal tibia). They  
allow independent evaluation of cortical and trabecular bone with less radiation 
exposure than standard quantitative CT (< 0.003mSv) [48]. Cortical and trabecular 
measurements can be obtained from a single scan performed either at a specified but 
variable distance (depending on length of the bone) e.g. the 4% or 8% length of the 
distal radius or at a fixed site e.g. 10mm from the growth plate [62,63]. There are many 
advantages to using pQCT scanners in children. These include their small size, the 
scanner’s relatively low cost (around £65K), calculation of volumetric BMD (vBMD), 
instead of the projected areal BMD obtained by DXA, and low radiation dose. 
However,  reproducibility, positioning and a long acquisition time (3min) that may 
prompt unwanted movement in the patient remain a problem and limit its use on 




2.5.4 High-resolution peripheral quantitative computed tomography  
Similar to pQCT, direct evaluation of bone micro architecture, an accurate measure of 
volumetric BMD and an estimation of bone strength using finite element analysis are 
all possible with HR-pQCT. The advantages of HR-pQCT include high image 
resolution (82 µm) and low radiation exposure (< 0.005 mSv) [50]. However, with 
limited availability of scanners, this technique is mainly used for research purposes in 
children. Other disadvantages are 1) the relatively long scanning time (2 to 3 min), 
which may be problematic for children, leading to movement artefact and 2) the need 
for a fixed scanning site, which complicates the interpretation of longitudinal studies 
in growing children. 
2.5.5 Quantitative ultrasound  
Due to DXA limitations, QUS has been proposed as an alternative technique to measure 
bone properties in children. Advantages of QUS include its avoidance of ionizing 
radiation, cost effectiveness and transportability. QUS depends on the attenuation of 
the ultrasound beam as it passes through a particular region of interest [48]. The latest 
instruments in the market are upgraded versions capable of giving accurate 
measurements for BMD, in addition to reflecting parameters of bone quality and 
strength. Due to the large amount of soft tissue and muscles at axial sites, QUS can 
only be applied to appendicular bones including phalanges, radius, calcaneus, patella 
and tibia. The calcaneus is the most commonly measured site, but can be problematic. 
Many of QUS scanners have fixed transducers that are designed to fit an adult foot; 
therefore, in children’s feet these scanners may not fully capture the correct region of 
the heel. However, the newest generation of devices have overcome the problem by 
providing shims to reposition small feet or using portable transducers that can be 




parameters including broadband ultrasound attenuation (BUA) and speed of sound 
(SOS). A study on 491 healthy children and adolescents showed significant correlation 
of heel width with BUA (r= 0.20, p<0.005 in boys; r= 0.27, p<0.05 in girls) and with 
SOS (r=−0.19, p<0.005 in boys; r=−0.08, p<0.05 in girls) [65]. A similar study showed 
significant correlations between QUS and age (r = 0.34-0.54), height (r = 0.13-0.56) 
and weight (r = 0.30-0.60), and between QUS and BMD measurements (r = 0.44-0.70) 
[66]. Therefore, children with small feet should be measured with a smaller ROI 
diameter than those with larger feet.  
 In general, studies of QUS have shown good intra and inter operator reliability with 
coefficient of variation ranging from 0.3% to 3.7% and 0.3% to 1.2% respectively. The 
reliability of QUS in children and adolescents has been assessed in several studies [67-
70] and although it may potentially be useful for bone density assessment, its true utility 
from a clinical perspective has not been adequately addressed in children and it remains 
a research tool. 
2.5.6 Magnetic resonance imaging  
Like QUS, MRI has the advantage of avoiding the use of ionizing radiation. However, 
there is a lack of reference scanning protocols and normative data for bone density 
assessment in children and its use is still limited to research studies. Further drawbacks 
of MRI are the long scanning time (acquisition time of up to 10 -20 min) [71,72], 
requirement for specialised coils and the environment of the scanner room (isolated 
from carers/parents, noisy), which may not be child friendly [73]. Despite these 
disadvantages, some studies have suggested that MRI is a promising technique to 




of MRI to determine bone mass in children, technical and software advancement is 
required to improve the reproducibility of measurements. 
2.6 Imaging of vertebral fractures 
Methods that may be used for detecting and analysing vertebral fractures in clinical 
practice are conventional radiography, DXA, MRI and CT. Differences between these 
imaging techniques relate to radiation dose, accessibility, cost and patient convenience. 





Table 2.2 Imaging modalities for the detection of vertebral fractures in children 
 
Modality Spatial Resolution 
(μm) 
Effective Radiation Dose for 
whole spine scanning (μSv) 
Scan Time (min) Approximate Cost (single scan - including 
cost of reporting in pound sterling) 
Conventional radiography  100×100 233 [78] ˂1 37  
Computed tomography  1000×1000 10000 [12] ˂1 74 - 100 
Magnetic resonance imaging  234×234×500  None 10-30 120 - 163 




2.6.1 Conventional radiography  
Currently, x-ray imaging is the most common imaging tool for vertebral fracture 
detection in children and adolescents. It is frequently the initial imaging investigation 
of choice for back pain when skeletal disease/vertebral pathology is suspected, since 
the resolution is excellent. However, there is significant radiation exposure (232.7 
μSv)[78], equal to 12 months’ background radiation [79].  
Assessment of the height and shape of the T4-L4 vertebral bodies from lateral thoracic 
and lumbar spine radiographs is the standard method [9]. Vertebral levels T1 to T3 are 
not routinely assessed because of the difficulty in their visualisation due to the 
summation caused by overlying structures such as intrathoracic organs and the patient’s 
shoulders. The normal physiological wedging that may be seen of the mid-thoracic 
vertebrae (T5 to T7) should not be mistaken for fracture.  
The accuracy of vertebral fracture diagnosis in children from conventional radiographs 
has been evaluated in several studies, summarised in Table 2.3 [4,12,13,78,80,81]. In 
general, vertebral levels T7–L4 are highly visible (visibility ranging from 88% to 
99.8%), whereas visibility is more limited in the upper part of the thoracic spine (T4- 
T7) for the reasons given above and because of often poor image quality and poor 
patient positioning. Inter and intraobserver agreement for vertebral readability range 
between kappa of 0.33 to 0.98 and 0.43 to 0.76 respectively and for fracture diagnosis 
range between kappa of 0.43 to 0.66 and 0.52 to 0.76 respectively. Unfortunately, 
despite the radiation dose, conventional radiographs remain the gold standard imaging 
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Vertebral fracture:     
Interobserver       
1) Vertebral level 
96% to 97%      
2) Patient level  
82% to 85% 
Intraobserver        
1) Vertebral level  
96% to 98%      
2) Patient level  
84% to 92%       
Readability*   
Interobserver          
1) Vertebral level  
0.33 to 0.50   
2) Patient level  
0.29 to 0.46 
Intraobserver                        
1) Vertebral level  
0.43 to 0.64 
2) Patient level  
0.41 to 0.61     
 
Vertebral fracture:     
Interobserver       
1) Vertebral level 
0.45 to 0.54      
2) Patient level  
0.43 to 0.48 
Intraobserver        
1) Vertebral level  
0.52 to 0.72      
2) Patient level  













  Sensitivity 96%      
  Specificity 100 %   
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Sensitivity 75%     
Specificity 98% 
Readability 
Interobserver         
1) Vertebral level 
94% 
2) Patient level 
84% 
Vertebral fracture:     
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1) Vertebral level 
 99% 
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2) Patient level 
0.66  
(95% confidence 
interval, 0.56, 0.77) 
Vertebral fracture:     
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1) Vertebral level 
 0.85 (95% confidence 
interval, 0.79–0.91) 
2) Patient level  
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Dual energy x-ray 
absorptiometry   
Sensitivity 70%  
(95% confidence 
interval 58–82%)  






 (95% confidence 
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Specificity 72%  
(95% confidence 
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1) Vertebral level 66% 
2) Patient level 82% 
Specificity 
1) Vertebral level 95% 
2) Patient level 78% 
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90.4% 
2) Patient level   
80.1% 
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(95% confidence 
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Specificity 
 97%  
(95% confidence 
interval 0.97–0.98) 








* Readability refers to the rate of radiographs/dual energy x-ray absorptiometry scans that were of sufficient quality to be interpretable and was 





2.6.1.1 Ideal radiographic technique for children 
It is essential to have good quality spine radiographs for the precise evaluation of 
vertebral fractures and associated deformities. In order to generate good quality lateral 
images the spine should be as parallel as possible to the radiographic table [82]. 
Generally, a 115 cm Source to Image Distance (SID) should be maintained. For 
thoracic radiographs the beam is centred at T7, and for lumbar radiographs at L3. With 
younger children, it is possible to perform the whole spine on a single radiograph where 
the central beam points to T12. For accurate lateral views, position patients on their left 
side with flexed knees and hips [13]. Figures 2.1a and b show lateral thoracic and 
lumbar spine radiographs of an ideally-positioned patient. 
2.6.2 Dual energy x-ray absorptiometry  
Despite the limitations of DXA for assessing bone density/predicting fracture risk in 
children as discussed above, DXA is now considered a significant tool for the 
assessment and monitoring of bone health [83]. The development of machines that 
allow lateral imaging has expanded the role of DXA beyond assessing bone strength, 
to include the assessment of bone morphometry/ vertebral fractures diagnosis – termed 
VFA.  
VFA has exciting potential. It is easily and rapidly applicable during BMD 
measurement, thus enhancing the management of osteoporotic patients [69], obviates 
the need for spine radiographs and affords point-of-service convenience for the patient, 
because the imaging is performed at the same visit and at the same time as the DXA 
for BMD measurement [78,79]. Perhaps the most significant advantage of VFA is the 
radiation dose savings that it allows; for instance, a dose as low as 3 μSv has been 




to acquire the whole lateral spine (of larger patients) in a single image; whereas with 
radiography, the thoracic and lumber spine require two separate images (Figure2.1). 
 
 
Figure 2.1 An 11-year-old boy with osteogenesis imperfecta. a-c Lateral thoracic (a) and 
lumbar spine (b) radiographs are juxtaposed to a lateral spine dual energy x-ray 
absorptiometry scan (c) performed on the same day. The image quality of (c) is non-inferior to 
(a) and (b), with the advantage of being a single image 
 
VFA images can be obtained either using only one level of X-ray energy (single-
energy) or using two X-ray energy levels (dual-energy). With single energy, the images 
can be acquired more rapidly and have a sharper resolution showing the endplates and 
cortices better than on dual energy images. However, single energy images have limited 
visualisation of the vertebrae that is caused by the shadows created by soft tissues, such 




quality dual energy images whereas Hologic is provides high quality of single energy 
images.  
 
Many recent studies have assessed the reliability of VFA in adults and shown good 
performance with sensitivity and specificity ranging from 62% to 97% and 94% to 99% 
respectively and observer agreement (kappa score) ranging between 0.24 and 0.98 [86-
93]. 
Mayranpaa et al, in their 2007 study, showed that VFA produces uncertain results in 
respect to children with low BMD, and they argued that improvements in the image 
quality of lateral DXA and in scoring systems for VFA were necessary before this 
approach could be used reliably in children [12]. In contrast, a recent larger study 
showed similar sensitivity (78% and 72%) and specificity (84% and 72%) for DXA 
and radiographs respectively, indicating that VFA is as good as conventional 
radiography for diagnosis of vertebral fractures in children [78]. This study is the only 
one to address visualisation of non-vertebral body fractures 
(spondylolysis/spondylolisthesis) and the effects of spinal rods and patient positioning. 
The study showed that quality of the two modalities was comparable and in fact 
superior for DXA in the presence of spinal rods[78]. The study by Crabtree et al 
[15]also demonstrated that DXA is comparable to radiographs for detecting moderate 
and severe vertebral fractures with sensitivity and specificity of 81.3% and 99.3% 
respectively . It is worth noting the poor diagnostic accuracy of mild vertebral fractures 
in children, irrespective of imaging modality, possibly related to poor distinction from 
normal variants and non-fracture pathology [78]. 
The latest technological innovation for the new generations of DXA scanners has 




definition instant vertebral fracture assessment (IVA-HD) imaging tool that is available 
for Horizon Hologic products has increased the resolution with low radiation dose. 
Lunar iDXA from GE offers crisp and high-resolution images of spine images through 
its superior technology including narrow fan beam scanning and multi-view image 
reconstruction (MVIR) to reduce magnification error. It also uses a unique “K-edge 
filter” that absorbs the X-rays in the middle energy range and protects the patient 
against unnecessary exposure. 
To summarise, in the past, VFA was found to be inappropriate for paediatric use due 
to poor image quality, with numerous false positive findings, inability to identify 
vertebrae in small children and failure to distinguish physiological changes in 
morphology. However, results of recent studies (Table 2.3) indicate that VFA is a 
promising technique for diagnosing vertebral fractures in children [12,14,15,78,80].  
2.6.2.1 Ideal vertebral fracture assessment technique for children 
Depending on the DXA manufacturer, lateral spine scans can be obtained with the 
patient in a decubitus position (lying on their side). This is the case with GE scanners. 
In all other cases, the patient remains in a supine position (lying on their back) and 
rather than the patient moving, the machine’s ‘c-arm’ rotates to obtain a lateral image 
of the whole spine. This c-arm position is more comfortable for the patient and such 
scanners are available from Hologic products (e.g. Discovery and Horizon DXA 
systems). 
2.6.2.1.1 Decubitus positioning 
The child lies on his/her side on the scanning table. Arms should be kept away from 
the area to be scanned and should be at a right angle (90o) to the chest. The knees should 
be flexed upwards towards the chest, so that the spine is parallel to the scanning table. 




process of acquiring the DXA scans should be conducted as recommended by the 
manufacturer. The child should be reminded to stay still throughout the examination 
[94]. The lateral scan should image the vertebrae from L4 to T4 by determining the 
starting position of the scan by positioning the laser spot 1 cm above the iliac crest.  
2.6.2.1.2 Supine positioning 
The child should lie on the scanning table in the supine position with his/her arms raised 
above their head. The patient’s spine should be positioned in the centre of the scanning 
area and both knees should be raised upwards at 90° using foam pads to straighten up 
the base of the spine, to allow the spine to be pressed flat to the table to reduce the 
lumber lordosis. 
2.6.3 Computed tomography and Magnetic resonance imaging 
CT and MRI are variably used for diagnosis of vertebral fracture in children. CT is the 
most reliable and accurate method for vertebral morphology evaluation when an acute 
traumatic fracture is suspected. Disadvantages include a high radiation dose penalty 
(approximately 10000 μSv for whole spine scanning, equal to 3 years’ background 
radiation) [12], generally reduced availability of machines and relative expense.   
MRI has the advantage of not utilising ionising radiation and helps to differentiate the 
underlying cause of vertebral fractures other than osteoporosis (particularly 
malignancy), but such scans take a relatively long time and are more costly than other 
modalities.  
Neither CT nor MRI are currently indicated for routine monitoring/diagnosis of 




2.6.4 Biplanar x-ray imaging 
The biplanar x-ray imaging system (EOS imaging, Paris, France) is a relatively new 
imaging solution meeting the specific needs of musculoskeletal imaging [95]. The 
system produces high-quality images of the whole body, including the whole spine, at 
lower radiation dose than radiographs (for lateral spine, mean entrance surface dose 
was 0.37 mGy compared with 2.03 mGy for radiographs) and it has the ability to 
generate 3D images from simultaneous anteroposterior and lateral 2D images of the 
whole body [96]. EOS scanning time ranges from 10 to 20 s for a full body scan and 
4–6 s for the spine (depending on the patient’s height). The EOS system allows imaging 
in erect position (upright weight-bearing or seated/squatting position), and can image 
the full length of the body (up to 175 cm). This ability aids physicians in identifying 
structural spinal pathologies, intervertebral disks, postural dysfunctions and joints and 
ligaments from multiple angles under normal weight-bearing conditions. However, the 
lack of spatial resolution compared with the conventional system and wavy images 
with patients who unable to stand or sit steadily during the scan (i.e. those with 
neurologic or neuromuscular conditions) are major drawbacks of EOS system [97].  
EOS plays a major role in the diagnosis and follow-up of patients with adolescent 
idiopathic scoliosis[98,99] and has been used to diagnose vertebral fractures in 200 
patients aged above 50 years in which it was compared to VFA (DXA device; QDR 
4500, Hologic, Bedford, MA)[99]. The sensitivity, specificity and negative predictive 
values for EOS were 79.7%, 91.6%, and 99%, respectively. Interobserver agreement 
between two independent readers was very good for EOS (kappa score =0.89), higher 
than for VFA (kappa score=0.67). We are not aware of any study that has compared 
EOS with radiographs and/or VFA for the diagnosis of vertebral fractures in children; 




diagnosis of vertebral fractures. Therefore, it is also likely to be beneficial in children 
with advantages of high image quality, low dose and rapid acquisition time. Further 
research studies are needed to assess diagnostic accuracy of vertebral fracture in 
children using EOS.  
 2.7 Scoring systems for vertebral fractures 
When using any classification system, the normal slight curve of the lower lumbar 
vertebrae and anatomical changes such as wedging of mid-thoracic and thoracolumbar 
vertebrae should be borne in mind. Baseline and serial radiographs should be compared 
with one another in order to document improvement/deterioration in prevalent (i.e. 
previously identified) vertebral fractures and to detect incident (i.e. new) vertebral 
fractures [100]. 
Quantitative morphometric definitions [101-104] and semiquantitative (SQ) 
assessments of vertebral fractures, including methods by Smith [105] and Kleerekoper 
[106] have been introduced for the adult population, however this review focuses only 
on methods that have been used in children. 
2.7.1 Subjective visual assessment 
The most extensively employed method for the assessment of vertebral fractures is 
visual assessment of radiographs [107]. Qualitative visual assessment is a helpful 
method when performed by experts capable of disregarding abnormal appearances that 
have nothing to do with the osteoporotic fracture. However, due to the subjectivity of 
the technique, observer reliability is low with inter and intraobserver kappa scores of 
0.47 and 0.62 respectively [108]. In other words, the findings of visual assessment 
greatly depend on the competency of the reader. For this reason, visual assessment is 




2.7.2 Genant’s semi-quantitative assessment  
This SQ grading system was developed in 1993 based on independent analysis of the 
spine radiographs of 57 postmenopausal women (age 65- 75 years) by three observers 
[10]. Assessment is made of vertebral shape (crush, concave or wedge) and reduction 
in posterior, middle and/or anterior vertebral height. As illustrated in Figure 2.2, Grade 
0 indicates no fracture (normal) with a height reduction of less than 20%, Grade 1 
indicates a minimal fracture with a height reduction in the range of 20-25%, Grade 2 
indicates a moderate fracture with a height reduction in the range of 25-40% and Grade 
3 indicates a severe fracture with a height reduction of above 40%. Limitations of this 
study may apply to many important visual characteristics including endplate 
deformities, short vertebral height and normal variants with some degree of biconcavity 
(e.g. Cupid’s bow).  
 Although this method was developed for and is the standard tool for diagnosing 
vertebral fractures in adults, researchers have begun to assess its use for diagnosing 
vertebral fractures in children [4,13,14,80].  These paediatric studies demonstrate inter- 
and intraobserver reliability ranging from kappa score = 0.29 to 0.98 and 0.41 to 0.63 
respectively and sensitivity and specificity ranging from 66% to 95% and 78% to 100 
% respectively. The variability between the different studies for observer reliability and 
sensitivity/specificity may reflect limitations of the quantitative method such as false 
positive identification of non-fracture deformities, disparity in fracture prevalence and 
severity within the study cohorts and misdiagnosis of mild endplate fractures (i.e. mild 





Figure 2.2 Selected lateral spine dual energy x-ray absorptiometry scans from a series of 
patients demonstrating the semiquantitative visual grading system of Genant et al. [10] 
 
The benefits of Genant’s SQ method include its convenience, being less complicated 
than quantitative methods, improved consistency when compared to qualitative 
methods and the fact that it can be used by both experts and beginners with acceptable 
reproducibility and precision [109,110]. However, although reduced compared to 
subjective visual assessment, the experience and competency of the reader still greatly 
influences its implementation. A further drawback of this method is that deformation 
of shape is not taken into consideration while making the evaluation [100]. The fracture 
is detected by observing the reduction in vertebral height or area but radiological 




2.7.3 Algorithm-based qualitative method  
The algorithm-based qualitative (ABQ) method is not based on reduced vertebral 
height alone;  this system provides clear guidelines for the evaluation of alterations in 
the vertebral endplates, helpful in detecting osteoporotic fractures in adults [111]. It has 
been pointed out that although three grades of severity are present, just as in Genant’s 
system, there is no lower limit for Grade 1 fractures (Grade 1 ≤ 25%, Grade 2 > 25%, 
and Grade 3 > 40%)[11]. Nevertheless, the ABQ approach offers the advantage of 
addressing potential sources of false-positive detection of vertebral fracture such as 
“deep inferior” and “step-like” endplates [111].The algorithm serves as a basic 
guideline for qualitative identification and differentiation of vertebral fracture, non-
fracture deformity and normal variant. However, observers need to be fully trained in 
the application of the method, and the algorithm should be applied with recourse to 
reference notes on differential diagnoses. 
A recent study was the first to analyse the clinical utility of an adapted version of the 
ABQ approach from radiographs and DXA in children [8]. Development of the scoring 
system was in two phases; modification of ABQ and simplification of the modified 
ABQ system (Table 2.4). The researchers showed slight to good inter-observer 
agreement in 50 patients by both modified ABQ (kappa score= 0·27 to 0·49) and 
simplified ABQ (kappa score= 0.31 to 45) and moderate intraobserver for simplified 
ABQ (kappa score= 0.45 to 56). All observers subjectively found simplified ABQ 
easier and less time-consuming (main reason to use in this thesis), which makes it more 
appealing for clinical and research use compared to modified ABQ for scoring vertebral 
fractures in children [8]. 
Although the ABQ technique is promising as a semi-objective means of classifying 




this technique in children. Further studies are required to assess whether the simplified 
ABQ method is sufficiently reliable to identify and differentiate fracture from non-
fracture deformities in children. 
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2.7.4 Koerber’s technique 
Recently, a new scoring system was introduced for assessing spine morphology in 
children with osteogenesis imperfecta (developed using 268 lateral spine radiographs 
of 95 patients) [112]. The assessment is based on three criteria: vertebral compression, 
thoracolumbar kyphosis and deformity type, with a scale of 1 to 5 to defining severity 
(1= no need for therapy; 5= extreme severe). To record all possible combinations of 
the three parameters, the authors developed a more detailed severity score system 
ranging from 1 to 138. The authors state that this evaluation will provide benefit for 
patients in clinics; however, it seems that this method is limited by being relatively 
time-consuming (a trained reader needs from 5 to 8 minutes to define the category and 
severity scores) [112].  
2.7.5 Semi-automated techniques 
Semi-automated quantitative vertebral morphometry techniques typically employ 
model-based shape recognition technology to define the shape of all vertebrae between 
T4 and L4 inclusive (Figure 2.3) [113]. 
Several methods have been investigated to segment vertebrae based on statistical 
models [114-117] and can be placed on a spectrum according to their complexity.  At 
one end of that spectrum we have pure edge detector methods based on finding points 
of high gradient.  Methods like Canny et al.’s [118] (which finds extended sets of high 
gradients using hysteresis thresholding) can be included in this class.  These methods 
provide significant contamination from other bone edges and so require some post-
processing.  The next point on the spectrum would be methods including level sets such 
as the Mumford Shah functional [119] and snakes/active contours [120], which make 
some basic assumptions about the behaviour of the edge (e.g. in snakes, 




spectrum, we find full statistical shape models (SSMs) like the point distribution 
models that are used in the hierarchical clustering-based segmentation (HCS), the 
Random Forest Regression Voting Constrained Local Model (RFRV-CLM) and other 
appearance modelling techniques.  These do not make assumptions about the shape or 
properties of edges (other than a very basic one that they can be identified by local 
image features such as a high intensity gradient).  Instead, they learn the distribution of 
shapes from the training data. SSMs can be fitted to images directly by optimising over 
their parameters using a cost function that maximises the image gradient under the 
shape. All of the active appearance models have been developed at Manchester since 
the 1990's, including the RFRV-CLM are improvements on this basic idea, where the 
cost function could be replaced with one based on image intensity features.  The basic 
idea is to fit the SSM to the image. 
For semi-automated programmes, the procedure (termed 6-point morphometric 
analysis) begins with a manual indication of the estimated centre of each vertebra from 
T4 to L4. The software then mechanically identifies and marks the standard positions 
for six-point morphometry measurements. The operator may move these points with 
the help of the software for improved accuracy. From these six points, anterior (Ha), 
middle (Hm), and posterior (Hp) vertebral heights are automatically determined by the 
software. Then, the (Ha: Hp), (Hm: Hp), (Hp: Hp+1) and (Hp: Hp-1) height ratios are 
calculated (+1 and –1 indicate the vertebrae immediately above and below the vertebra 
of interest). Each vertebral body is then classified according to its height ratios based 





Figure 2.3 A 14-year-old girl with osteogenesis imperfecta. Lateral spine dual energy x -ray 
absorptiometry scan illustrates positioning of points used to outline the vertebral bodies 
between T4 and L4 using the SpineAnalyzer™ programme. SpineAnalyzer™ identified a severe 
fracture at T11, moderate fractures at T5 and T6 and mild fractures at T7 and T8. The arrow 
points to the T12 vertebral body (lowest vertebral body associated with a rib) 
 
SpineAnalyzer™ software (Optasia Medical Ltd, Cheadle, UK) provides a quick and 
easy method for identifying and reporting vertebral deformities from radiographs and 
other x-ray-based technology. A recent study concluded that SpineAnalyzer™ is a 
reliable and ideal system for measuring vertebral height and identifying vertebral 
fracture from DXA scans in adults ,with significant observer agreement (ranging from 
96% to 98.6%) using the Genant SQ method [121]. Although studies have used the 
semi-automated quantitative software to diagnose fractures in adults, as far as we are 
aware, only two studies have used this semi-automated six-point software technique to 




The study by Alqahtani et al [81] is currently the largest morphometric analysis study 
in children using SpineAnalyzer™; the study assessed 137 lateral spine radiographs of 
children aged between 5 and 15 years . Inter and intra-observer agreement, overall 
sensitivity and specificity are shown in Table 2.2. Another study by Crabtree et al [15] 
demonstrated poor observer agreement of morphometric analysis for vertebral fracture 
diagnosis in 80 children (Table 2.2). 
The results of these two papers suggest that the diagnostic accuracy of semi-automated 
systems/ morphometric analysis is not sufficiently high to allow their routine clinical 
use in children. Therefore, training of current software programmes on paediatric 
images or development of paediatric specific software and reference values is required. 
2.8 Summary 
Identification of vertebral fracture is central to the diagnosis of osteoporosis in children. 
Imaging methods used for detecting and analysing vertebral fractures in clinical and/or 
research practice include conventional radiographs, DXA (VFA), CT and MRI. While 
VFA is routine in adults, identification of vertebral fracture in children is still mostly 
from radiographs. However, recent paediatric studies have shown that DXA VFA has 
similar sensitivity and specificity to radiographs with lower radiation dose; therefore, 
DXA should be considered for vertebral fracture diagnosis in children, when feasible. 
It is likely that EOS will have an increasing role. 
There is no agreed standardised method for diagnosing vertebral fracture in children 
and it is difficult to be certain of the validity of mild fractures.  
2.9 Conclusion 
There is currently no reliable method of VFA in children. This situation may be 




should be specifically designed for paediatric use and encompass normal physiological 
variation, which almost certainly accounts for some observer variability in diagnosing 
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3.1 Abstract  
Purpose  
There is significant inter and intraobserver variability in diagnosing vertebral fractures 
in children. We aimed to assess observer reliability and diagnostic accuracy in children, 
of a semi-automated 6-point technique developed for vertebral fracture diagnosis in 
adults, which records percentage loss of vertebral body height. 
Methods 
Using a semi-automated software programme, 5 observers independently assessed T4 
to L4 from the lateral spine radiographs of 137 children and adolescents for vertebral 
fractures. A previous consensus read by 3 paediatric radiologists using a simplified 
ABQ technique (i.e. no software involved) served as the reference standard.  
Results 
Of a total of 1781 vertebrae, 1187 (67%) were adequately visualised by 3 or more 
observers. Interobserver agreement in vertebral readability for each vertebral level for 
five observers ranged from 0.05 to 0.47 (95% CI, -0.19, 0.76). Intraobserver agreement 
using the intraclass correlation coefficient (ICC) ranged from 0.25 to 0.61. Overall 
sensitivity and specificity were 18% (95% CI, 14 – 22) and 97% (95% CI, 97 – 98) 
respectively. 
Conclusion 
In contrast to adults, the six-point technique assessing anterior, middle and posterior 
vertebral height ratios is neither satisfactorily reliable nor sensitive for vertebral 
fractures diagnosis in children. Training of the software on paediatric images is 
required, in order that a paediatric standard is developed which incorporates not only 
specific vertebral body height ratios but also the age-related physiological changes in 
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3.3 Highlights 
 SpineAnalyzer™ (Optasia Medical, Cheadle, UK, version number: 4.0.2.19) 
has low observer agreement when used independently by five observers to 
diagnose vertebral fractures in children 
 The six-point approach based on the Genant classification used by the software 
is not sufficiently sensitive for vertebral fractures diagnosis in children 
 It may be that the placing of more than six points is required to accurately 
represent vertebral morphometry in children 
 Development of specific paediatric software and normative values 











Fractures are common in childhood and repeated fractures reflect the interacting effects 
of low bone mineral density (BMD)  and/or physical activity [1]. Vertebral fractures 
are a relatively common type of osteoporotic fracture. The detection of one or more 
vertebral compression (crush) fractures (identified by a 20% reduction in vertebral 
body height) is indicative of bone fragility irrespective of the reported BMD [1]. 
Although a lot of recent research has been conducted regarding the occurrence of 
osteoporotic vertebral fracture in adults, relatively less attention has been paid towards 
paediatric vertebral fracture, largely on account of  the lack of an accepted standardised 
diagnostic technique in children [2].  
In the absence of major trauma, reduced BMD in children and adolescents is the major 
cause of vertebral fracture; indeed the finding of  a vertebral fracture is a main 
diagnostic feature of low BMD in children [1]. The low BMD may be primary (e.g. 
osteogenesis imperfecta) or secondary [1, 3]. For example, the STOPP studies have 
implicated glucocorticoids as a significant cause of secondary fractures in children and 
shown an incidence of vertebral fractures in those with a new diagnosis of acute 
lymphoblastic leukemia of 16% [4, 5]. Unlike osteoporotic fractures of the limbs, 
vertebral fractures are typically silent and if untreated may lead to progressive loss of 
vertebral body height and potential spinal deformity. If vertebral fractures are 
diagnosed early, however, bisphosphonate treatment can help to treat existing fractures 
and reduce future fracture risk [6].  
Assessment of vertebral fractures in children is performed using standard lateral spine 
radiographs and, currently, these are interpreted using a subjective visual assessment 
method to identify loss of height/change in shape consistent with vertebral fracture. 




which is likely to be reduced if a more objective assessment method is applied. Semi-
automated software programmes such as SpineAnalyzer™ (Optasia Medical, Cheadle, 
UK) may be the solution; but, so far, limited studies have been carried out to evaluate 
these programmes in children. The potential added value of these programmes is that 
non-radiologists may be trained to use them, freeing up radiologists’ time for more 
specialised tasks. 
The purpose of this study was to assess the observer reliability and diagnostic accuracy 
in children and adolescents, of the semi-automated 6-point technique developed for 
vertebral fracture diagnosis in adults, using a semi-automated software programme 
(SpineAnalyzer™, version number: 4.0.2.19). This software records percentage loss of 
vertebral body height and classifies fractures based on the Genant system [9].  
3.5 Materials and methods 
3.5.1 Study population 
This study involved the retrospective analysis of images obtained as part of a larger 
prospective study of 250 children recruited between November 2011 and February 
2014 [7]. All images used in this study were of patients recruited from our single center. 
The mean age of the 137 subjects at the time of image acquisition was 12.0 years (range 
5 to 15) and 45 (33%) were male. The majority, 199 (80%) had suspected reduction in 
BMD (including children with osteogenesis imperfecta, inflammatory bowel disease, 
rheumatologic conditions, cystic fibrosis and celiac disease). The remaining 51 (20%) 






3.5.2 Retrospective power calculations 
A power calculation was done comparing the sensitivity and specificity with those 
likely to have occurred by random using kappasize package R gave us that a sample 
size greater than 119 would be required with significance=0.05 and power at 80%. The 
sample size of this study (137) is greater than this [10]. 
3.5.3 Lateral spine imaging 
Lateral images of the thoracolumbar spine were acquired using one of two Phillips 
Healthcare machines (TH3 Digital or TH Bucky Diagnost, Guildford, UK) following 
the European guidelines for imaging the spine in children as previously described [7]. 
The subjects were asked to remain in the lateral decubitus position with flexed knees 
and hips. Depending on the size of each child being examined, thoracolumbar or 
separate thoracic and lumber spine images were obtained. As outlined in a previous 
study, the tube-to-film distance was set at 100 cm, and the films were centered at T7 
and L3 for the thoracic and lumbar views, respectively [11]. The average exposures for 
thoracic, lumbar and thoracolumbar spine radiographs were 75, 84 and 74kV 
respectively. 
3.5.4 Image analysis 
Lateral spine images were analysed independently by five observers (a radiologist, two 
radiographers, and two medical students), who attempted readings for all 137 cases, 
with each observer being blinded to the other evaluations. Prior to commencing the 
study, the four non-radiologists were trained on use of the software by the radiologist, 
learning from non-study spine radiographs. All observers’ technique were observed 
and assessed in person by the radiologist and feedback provided to them orally. A 




algorithm-based qualitative (ABQ) technique (i.e. with no software involved) served 
as the reference standard [11]. 
As the first step in the semi-automated analysis using SpineAnalyzer™ (version 
number: 4.0.2.19), observers identify T4 to L4 vertebral bodies by placing a point at or 
close to the center of each vertebral body and indicating to the software the highest 
identified vertebral body (for example, T4). Having indicated T4, the software 
programme recognises all identified vertebral bodies between T4 and L4 and 
automatically identifies six points corresponding to the four corners and the midpoints 
of the superior and inferior endplates of each vertebral body – observers modify the 
placement of these points as necessary. The software does not recognise vertebral 






Figure 3.1 Lateral thoracolumbar spine radiograph, illustrating the six semi-automatically 
identified points used to outline the vertebral bodies and the deformity result produced by the 
SpineAnalyzer™ programme 
 
Following placement of the six points, anterior, middle and posterior vertebral heights 
are automatically determined by the software. With the help of these measurements, 
the anterior: posterior, middle: posterior, posterior: posterior+1 and posterior: posterior 
-1 height ratios are calculated (+1 and -1 indicate the vertebrae immediately above (+1) 
and below (-1) the vertebra of interest). The vertebral bodies are then classified 
according to their height ratios, based on the scoring system developed by Genant 




Table 3.1 Genant grading system for vertebral fracture (VF) [9] 
Loss of Height (%) Grade Interpretation 
≤ 20% 
21 to 25% 











For the purposes of this study, since the assessment only included lateral spine images, 
to maintain the consistency of vertebral level assignment between the five observers, 
the first vertebral body not associated with ribs was labelled as L1, while the lowermost 
vertebral body associated with ribs was labelled as T12. All subjects had 5 lumber 
vertebrae [12] and if the observer was unable to identify T12 and/or L1, (e.g. due to 
parallax distortion), then that image was not scored. The strengths and weaknesses of 
the Genant semi quantitative (SQ) and the algorithm based qualitative (ABQ) methods 












Table 3.2 Strengths and weaknesses of the Genant semi quantitative (SQ) and the algorithm 




Genant SQ - Simple and quick 
- Widely used in clinical trials 
- Approved and used by international 
institutions such as International 
Osteoporosis Foundation (IOF) and ISCD 
 
- Subjective  
- Vertebral deformity has to be 
greater than 20% 
- No clear description of differential 
diagnosis of deformity: 
 Osteoporosis vertebral fracture 
 Traumatic vertebral fracture 
 Non- fracture deformity  
ABQ - Requires evidence of fracture of the 
vertebral endplate 
- No minimum threshold for apparent 
reduction in vertebral height  
- Allowance is made for variation in 
vertebral dimensions at different vertebral 
levels or short vertebral heights e.g. 
Scheuermann’s disease, scoliosis etc... 
- Training, skilled reader and 
experience needed 
 
3.5.5 Statistical analysis 
R software was employed for data analysis [13]. The frequency of readable vertebrae 
for each observer and for all vertebrae from T4 to L4 was calculated.  
Diagnostic accuracy (sensitivity, specificity and 95% confidence interval) calculations 
of the observers’ readings were calculated by comparing with a previously established 
consensus arrived at by three experienced paediatric radiologists using a simplified 




and SpineAnalyzer™ scores of 0 and 1 were interpreted as, “no clinically significant 
fracture”. Inter and intra observer agreement were calculated using kappa and intraclass 
correlation coefficient (ICC) respectively [14, 15]. 
Table 3.3 Simplified algorithm based qualitative scoring system [11] 
Parameter Score Interpretation 
 
Height 
0 Normal height 
1 Height loss ≤ 24% 
2 Height loss ≥ 25% 
 
Endplates 
a Normal endplates 
b Single endplate affected 
c Both endplates affected 
Other 3 Non-osteoporotic (non-fracture) deformity 
4 Uncertain or unable to determine due to image quality 
3.5.6 Approvals 
Local Research Ethics Committee approval was obtained for the main study from 
which the images were drawn but was not separately required for this study. The study 
was registered with our Research and Innovation Department prior to commencement. 
3.6 Results  
3.6.1 Prevalence of fractures 
Overall, 20 (15 %) patients had one or more vertebral fracture (vertebral height loss 20 
% or more). Per-vertebra, 48 vertebral fractures were identified by three or more 
observers using SpineAnalyzer™. The majority of these fractures were in the mid-
thoracic region, with T7 being the most fractured level - 9 (19%).  
3.6.2 Readability of radiographic lateral spine images within SpineAnalyzer™ 
software programme 
Of the possible total 1781 vertebrae, from T4 through to L4 (i.e. 13 vertebrae per 
subject in 137 subjects), 1310 (73.55%) were adequately visualised by Observer 1, 




by Observers 4 and 5 respectively (Figure 3.2). A total of 1187 (67 %) were adequately 
visualised by three or more observers, permitting comparison of morphology results. 
The visibility was relatively limited in the upper part of the thoracic spine; T4 was the 




Figure 3.2 Number of readable vertebrae for each observer.  There is a trend towards 
increasing readability from the upper thoracic to the lumbar spine 
 
Sensitivity and specificity values of the observers’ readings with their 95% confidence 
intervals are presented in Table 3.4. T6 had the highest and L3 the lowest sensitivity, 
while L4 had the highest and T11 the lowest specificity. Overall sensitivity was 18% 




Table 3.4 Sensitivity, specificity, interobserver (kappa) and intraobserver (ICC) reliability of SpineAnalyzer™ for vertebral fracture diagnosis in 
children 
 Number of truth 
fractures/Number of 
readable vertebrae 
Sensitivity 95% CI Specificity 95% CI % Agreement Kappa Score 
(k) 
    95% CI ICC       SD 
T4 25/83 18.20% 13.22 -23.18 96.27% 90.91 - 100.00 63.24 0.05 -0.19 - 0.30 0.30 0.43 
T5 32/87 20.56% 11.25 -29.87 98.75% 96.33 - 100.00 89.32 0.36 0.13 - 0.59 0.61 0.01 
T6 31/94 32.20% 16.70 - 47.70 96.51% 91.29 - 100.00 86.53 0.39 0.12 - 0.65 0.43 0.07 
T7 35/94 17.25% 7.25 - 27.25 96.06% 92.51 - 99.60 88.22 0.24 -0.03 - 0.51 0.56 0.04 
T8 29/104 22.80% 12.21 - 33.3 95.70% 92.56 - 98.84 89.46 0.41 0.11 - 0.72 0.54 0.02 
T9 20/105 18.22% 6.39 - 30.04 98.25% 96.90 - 99.61 92.85 0.23 -0.07 - 0.53 0.38 0.05 
T10 16/103 10.17% 3.40 - 16.94 98.10% 96.43 - 99.77 95.00 0.17 -0.12 - 0.46 0.33 0.12 
T11 18/106 19.50% 9.11 - 29.89 95.62% 92.40 - 98.84 91.35 0.23 -0.05 - 0.52 0.25 0.07 
T12 17/110 24.74% 13.23 - 36.24 96.04% 92.98 - 99.10 92.58 0.47 0.18 - 0.76 0.48 0.18 
L1 12/110 17.30% 9.97 - 24.67 98.32% 95.88 - 100.00 94.21 0.34 0.07 - 0.62 0.52 0.07 
L2 16/112 13.70% 3.61 - 23.78 98.59% 96.57 - 100.00 95.49 0.34 -0.02 - 0.70 0.54 0.06 
L3 19/111 7.93% 2.41- 13.45 99.06% 97.87 - 100.00 97.53 0.39 -0.02 - 0.80 0.46 0.01 
L4 15/111 10.30% 3.41 - 17.20 99.32% 98.56 - 100.00 97.03 0.26 -0.15 - 0.67 0.43 0.06 
 





The average kappa for interobserver agreement in respect to vertebral readability 
between the five observers for each of the 13 vertebrae ranged from 0.05 to 0.47 (95% 
CI, -0.19, 0.76). Table 3.3 shows the agreement (average kappa score) between the five 
observers using SpineAnalyzer™. T4 had the lowest and T12 the highest agreement. 
Average intraobserver agreement ranged from 0.25 to 0.61. Table 3.4 also shows that 
overall, there was poor/fair agreement for the 13 vertebrae, with the only exception 
being T5, for which agreement was good. Table 3.5 compares results of this current 
study with those of the only other study to date that has assessed the 6-point technique 
in children [8] and with those of the largest published study to compare VFA with 




Table 3.5 Summary of diagnostic accuracy and observer reliability of SpineAnalyzer™ in children 
 
Modality/Method Sensitivity Specificity Interobserver Reliability Intraobserver Reliability 
Adiotomre  [7] Crabtree [8] Adiotomre  [7] Crabtree [8] Adiotomre  [7] Crabtree [8] Adiotomre  [7] Crabtree [8] 
Radiographs 74%-84% _ 72%-96% _ 0.39-0.46 0.53-0.59 0.51-0.70 _ 
DXA VFA 70%-78% 66%-81% 72 %-97% 78%-99% 0.32-0.50 0.60-0.66 0.43-0.77 _ 
6-point analysis* 14%-22% 62%-78% 97%-98% 70%-99% 0.05-0.47 0.36-0.41 0.25-0.61 _ 
 




Figure 3.3 illustrates examples of good and poor observer agreement, while Figure 3.4 
illustrates differences in diagnostic outcome due to early ossification of the apophyses 
causing minor observer differences in placement of the six points. Figure 3.5 
demonstrates false positive and false negative results of SpineAnalyzer™ 
 
Figure 3.3a Observer agreement: all five observers identified a severe T8 fracture. Similarly, 
the T11 fracture was identified by all, but graded as mild by two observers, moderate by one 
and severe by two  
Figure 3.3 b Lack of observer agreement: T5 - T7 were deemed non-evaluable by one observer 
and graded as no fractures by one observer, mild fractures by two and moderate fractures by 















Figure 3.4 Effect of minor alterations in point placement for T11 in the same patient in which 
there is early apophyseal ossification. a (no manipulation), b (posterior manipulation) and c 
(middle manipulation) were classified by SpineAnalyzer™ as normal, while d (anterior 






Figure 3.5a False positive SpineAnalyzer™ result. Wedging of T7 and T8 as indicated by 











Figure 3.5b False negative SpineAnalyzer™ result. T11, T12 and L2 were reported by the 










One or multiple vertebral fracture without high-energy trauma or local disease is 
indicative of osteoporosis in children. Early and accurate diagnosis is important to 
allow appropriate treatment to commence.  
There is a relatively low observer reliability for current techniques of vertebral fracture 
diagnosis in children; with reported kappa values for inter and intraobserver reliability 
ranging from 0.39 to 0.59 and 0.33 to 0.84 respectively [2,7,8]. A recent study in adults 
showed an agreement between SpineAnalyzer™ and readers ranging from 0.96 to 0.97 
[16]. The authors suggested that SpineAnalyzer™ is an accurate tool for measuring 
vertebral height and identifying vertebral fractures in adults. The purpose of this 
current study was to evaluate the accuracy and reliability of the semi-automated 6-
point technique for diagnosing vertebral fracture in children. To our knowledge, this 
evaluation is the largest to assess vertebral morphometry in children using semi-
automated 6-point technique software, with only one other study on the same subject 
published to date [8]. 
Compared to our results, observer reliability has been shown to be higher in studies of 
the diagnostic accuracy of vertebral fracture detection in adults using both visually-
based scoring systems and software [16-19]. A recent study on children [2], based on 
the observation of radiographic images utilising Genant’s semi-quantitative (SQ) 
technique, showed higher inter-kappa agreement for vertebral fracture diagnosis 
(k=0·45 to 0·54 ) than both our corresponding SpineAnalyzer™ calculations (k = 0.05 
to 0.47) and those of Crabtree et al (k = 0.36 to 0.41) [8]. Results of the three studies 
should be directly comparable, given that the SpineAnalyzer™ categories are based 




point placement account for the reduced observer reliability of SpineAnalyzer™, 
compounded by the fact that the final categorisation is based on ratios and not simple 
measurements. This is supported by the fact that the paediatric study from which 
images for this report were drawn also obtained a higher level of interobserver 
agreement (k = 0·394 to 0·455) when utilising a simplified ABQ technique for 
vertebral morphometry [11].  
Agreement between the observers reached a maximum kappa of 0.47 (95% CI, 0.18, 
0.76) with the greatest level of agreement being at T12 and L4 (fair to moderate) whilst 
the least was at T4 (slight to poor). At each vertebral level, there was diversity in the 
interobserver agreement and readability of the vertebra (Figure 3.4). Results suggest 
that the observers could visualise the lower vertebral levels for point placement more 
adequately and that the calculations were correspondingly more precise than those 
made for the upper vertebral levels, underlining the difficulty in applying 
SpineAnalyzer™ for the upper thoracic spine. These findings support those of 
previous studies reporting that identification of vertebrae in the mid and upper thoracic 
spine is one of the major challenges in identifying vertebral fracture in children [2; 3].  
Reasons for poor visibility include the summation caused by intrathoracic tissues and 
shoulders; poor image quality; and patient positioning. Therefore, the patient 
positioning protocol and radiographic parameters selected for imaging larger patients 
play an important role in improving image quality and visibility, in order that upper 
thoracic vertebrae can be assessed. In this regard, it should be noted that lateral spine 
DXA allows improved visibility of the upper thoracic spine compared to radiographs 
[7], which may account for the improved observer reliability of SpineAnalyzer™ in 




In this study, only radiographs were used, but as discussed previously in the literature 
review (page 47), although dual-energy and single-energy VFA modes can help in 
identifying vertebral fractures, they have strengths and drawbacks. For example, the 
Hologic has both dual-energy and single-energy VFA modes. Vertebrae were well 
visualised on single-energy scans, but the increasing effect of soft tissue artefacts as 
one moves up the chest can affect visualisation of the thoracic vertebrae [20]. The 
image, therefore, requires more practice and experience to analyse successfully [21]. 
The recent scanner provided by GE Healthcare’s DVA may give us an effective VFA 
diagnostic tool by combining dual-energy scans with single-energy scans and thus, 
single-energy and dual-energy combination may help for further increase in the 
number of vertebrae visualised (a typical scan can be analysed up to T5). It should be 
noted that, although the scan time for competing single-energy mode is short, analysis 
may be affected by soft tissue artefacts in the image. 
Finally, variability in observer reliability may be related to differences in identifying 
T12/L1. In future studies, this limitation can be countered by having a marker placed 
adjacent to an agreed vertebra so that all observers recognise the same vertebral levels. 
This step should be done prior to study commencement at the stage of image 
anonymisation. As the lead researcher, I will choose the level of T12 (the lowermost 
vertebral body associated with a pair of ribs was always designated as T12) for all 
images and place a marker (e.g. using Photoshop programme). This will then be 





Compared to the consensus read of the radiological experts, overall sensitivity of the 
semi-automated 6-point technique was only 18% (95%CI of 14 – 22) while overall 
specificity was 97% (95%CI of 97 – 98). These findings are likely a result of a high 
degree of subjectivity in placing the original six semi-automated points used by the 
software to identify vertebral fracture. This is despite the training given prior to 
commencing the study. The sensitivity results may also be low because identifying 
vertebral fracture using SpineAnalyzer™ is based only on the loss of height of 
vertebral bodies, while the simplified ABQ method is a visual method which considers 
alterations in the vertebral endplates that may be non-fracture related. Interpretation 
of SpineAnalyzer™ measurements is based on a grading system derived from analysis 
of thoracolumbar spine radiographs of 57 postmenopausal women and developed for 
adults [8].  Nevertheless, the Genant scoring system has been used with satisfactory 
results in a number of paediatric studies [22, 23] and therefore we suggest that the 
placement of only 6 points is insufficient to capture vertebral morphometry in children 
and placement of further points may be required.  
Another factor that affects sensitivity of the software is observer skill and experience. 
Although in theory no medical knowledge/specialised skills are required to identify 
the four corners of the vertebral bodies and center of inferior and superior endplates, 
small differences in placement affect the overall height ratios and factors confounding 
point placement and/or fracture categorisation include visibility of vertebrae, early 
ossification of apophyses, physiological wedging and non-fracture related 
irregularities of vertebral endplates. Observers in this study included a 
musculoskeletal consultant radiologist, 2 radiographers and 2 medical students. 




weakness of the study, particularly given the confounding influence of physiological 
variations on point placement. This will need to be considered if such programmes are 
to be used for role extension. If the 6-point or any semi-automated systems are to be 
more accurate and reliable, then a precise algorithm is required describing where the 
points should be placed if, for example, the apophyses are unossified and having 
ossified, prior to fusion. The difficulty in reproducible point-placement is also 
reflected by the low intraobserver reliability, even for the experienced radiologist. 
While the purpose of this current study was specifically to address the reliability of 
SpineAnalyzer™ amongst non-radiologists, in retrospect, and particularly given the 
poor observer reliability, it would have been interesting to have recruited and 
compared the results of at least two paediatric (or musculoskeletal) radiologists. This 
limitation of the current study is a future objective. 
3.8 Conclusion 
We conclude that although it appears useful in adults, from whose radiographs and for 
whom it was developed, due to its low inter and intraobserver reliability and 
sensitivity, currently the six-point technique comparing vertebral height ratios is 
neither satisfactorily accurate nor reliable for vertebral fracture diagnosis in children. 
We suggest that the system needs training on paediatric images, with a specific 
algorithm designed to determine point placement, incorporate overall vertebral body 
shape and that the classification be based on a grading system specifically designed to 
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4.1 Abstract  
Purpose 
To assess whether diagnostic accuracy and observer reliability of morphometric 
vertebral fracture analysis (MXA) in children can be improved using AVERT™, a 
semi-automated programme developed for vertebral fracture diagnosis in adults, 
which utilises a 33-point technique to record percentage loss of vertebral body height 
compared to a 6-point technique (SpineAnalyzer™), which has previously been shown 
to be of insufficient reliability. 
Methods  
Lateral spine radiographs (XR) and dual energy X-ray absorptiometry (DXA) scans - 
vertebral fracture assessment (VFA) of 50 children and young people (performed on 
the same day on the same children) were analysed by two observers using two different 
programmes (AVERT™ and SpineAnalyzer™). Diagnostic accuracy (sensitivity, 
specificity, false negative (FN) and false positive rates (FP)) was calculated by 
comparing with a previously established consensus arrived at by three experienced 
pediatric musculoskeletal radiologists, using a simplified algorithm based qualitative 
scoring system. Observer agreement was calculated using Cohen’s kappa.  
Results 
On radiographs, overall sensitivity, specificity, FP and FN rates of AVERT™ and 
SpineAnalyzer™ were 36%, 95%, 5% and 64% and 26%, 98%, 2% and 75% 
respectively. On DXA, overall sensitivity, specificity, FP and FN rates of AVERT™ 
and SpineAnalyzer were 41%, 91%, 9% and 59% and 31%, 96%, 4% and 69% 




0.34 to 0.37 (95% CI, 0.26 – 0.46) and 0.26 to 0.31 (95% CI, 0.16 – 0.44) respectively. 
Inter and intraobserver agreement for both programmes using kappa ranged from 0.41 
to 0.47 and 0.50 to 0.79 respectively. 
Conclusion 
The 33-point technique has slightly higher accuracy for the representation of vertebral 
morphometry in children when compared to the 6-point technique. However, neither 
AVERT™ nor SpineAnalyzer™ are satisfactorily reliable for vertebral fracture 
diagnosis in children.  
4.2 Keywords 
Observer agreement; Diagnostic accuracy; Osteoporosis; Paediatric; Vertebral 
fracture; Vertebral height 
4.3 Highlights 
 SpineAnalyzer™ and AVERT™ have low diagnostic accuracy and observer 
agreement when compared to three paediatric radiologists’ readings for the 
diagnosis of vertebral fractures in children 
 Neither AVERT™ nor SpineAnalyzer™ is satisfactorily reliable for vertebral 
fracture diagnosis in children  
 Development of specific paediatric software and normative values 







Low bone mass is characterised by structural deterioration of bone tissue, leading to 
bone fragility and an increased susceptibility to fractures, especially of the spine and 
long bones. According to the International Society for Clinical Densitometry (ISCD) 
one or multiple vertebral fractures - identified by a 20% reduction in vertebral body 
height - indicates bone fragility, in the absence of local disease or significant trauma 
[1]. 
Osteoporotic vertebral fractures are increasingly recognised in children as a vital sign 
of low bone mineral density (BMD) whether primary, e.g. osteogenesis imperfecta [2], 
or secondary e.g. acute lymphoblastic leukaemia, rheumatological conditions, 
Duchenne muscular dystrophy and glucocorticoid use [1, 3]. Moreover, children who 
have been identified with vertebral fractures, especially those with osteogenesis 
imperfecta and Duchenne muscular dystrophy are more likely to have multiple 
vertebral fractures [4, 5]. An early radiological diagnosis and accurate identification 
of patients with prevalent vertebral fracture is important for the effective targeting of 
therapy to prevent new fractures. 
Currently, the gold standard for identifying vertebral fractures in children is the lateral 
spine radiograph. Recent studies, have shown that spine images acquired by dual 
energy X-ray absorptiometry (DXA) are comparable to radiographs [6-8], allowing 
reduced exposure to radiation. The diagnosis of vertebral fractures from DXA is 
termed vertebral fracture assessment (VFA). 
There is no standardised technique for objective diagnosis of vertebral fractures in 




observer variability in this population [3, 9-11]. Moreover, the limited studies carried 
out to assess morphometric analysis (MXA) using a 6-point semi-automated software 
programme in children have also shown poor observer reliability [8, 12]. 
 The aim of this study, therefore, was to assess whether observer reliability and 
diagnostic accuracy of MXA for the identification of vertebral fracture in children 
would be improved by using a 33-point semi-automated programme compared to the 
6-point programme.  
4.5 Materials and methods 
4.5.1 Study population 
The study population included 100 (50 DXA and 50 radiographic (XR)) lateral spine 
images (performed on the same day on the same children) that were obtained as part 
of a larger prospective study involving 137 children; these children were recruited 
between November 2011 and February 2014 [6,12]. The sample selection was 
randomly made using Random Number Generator. All images belonged to patients 
recruited from a single centre. The majority of patients (80%) were those with 
suspected reduced BMD, e.g. osteogenesis imperfecta, inflammatory bowel disease, 
rheumatological conditions, and cystic fibrosis, attending the metabolic bone clinic for 
iDXA and lateral spine radiographs. Details of image acquisition have previously been 





4.5.2 Ethics statement  
For the main study, approval of the Local Research Ethics Committee was sought and 
obtained, but was not separately required for this study. The study was registered with 
the local Research and Innovation Department prior to commencement. 
4.5.3 Image analysis 
XR and VFA images were independently evaluated for vertebral fracture by a research 
radiographer (R1) and an expert paediatric radiologist (R2), using two different semi-
automated programmes (1) SpineAnalyzer™ (Optasia Medical, Cheadle, UK, version 
number: 4.0.2.19) and (2) AVERT™ (Optasia Medical, Cheadle, UK). 
SpineAnalyzer™ is Optasia's software based on an active appearance model. 
AVERT™ is partially derived from SpineAnalyzer™, but uses the latest appearance 
modelling technology (Random Forest regression voting constrained local models) 
from the University of Manchester software libraries (Table 4.1). Potentially, 
therefore, AVERT™ might be expected to provide more accurate fits [13]. 
Prior to commencing the study, R1 was trained to use the software programmes by a 
research associate in computing science and an expert radiologist (MSK research 
radiology fellow), learning from non-study spine images. In order to reduce observer 
bias, XR and VFA analyses were performed on different days, without accessing the 
subject's clinical information. Based on Buiang et al.’s study [14] which recommended 
that the minimum sample size required for conducting kappa agreement tests is 
between 10 and 30, repeat scoring was performed on 10 randomly selected patients 




Table 4.1 Comparison between AVERT™ and SpineAnalyzer programmes 
 AVERT™ SpineAnalyzer™ 
Model 
Based on Random Forest regression voting 
constrained local models (RFRV-CLM) [13]  
 
Based on an active appearance model (AAM) 
[15] 
Points 
33-point semi-automated programme 
 
 





Optasia Medical libraries The University of Manchester software libraries 
Model 
modality 





Based on (posterior: posterior+2, and posterior: 
posterior-2) height ratios (+2 and -2 indicate the 
four neighbouring vertebrae the two 
immediately above [+2] and the two 
immediately below [-2] the vertebra of interest) 
Based on (posterior: posterior+1, and posterior: 
posterior-1) height ratios (+1 and -1 indicate the 
vertebrae immediately above [+1] and below [-
1] the vertebra of interest) 
 
In line with the process associated with semi-automated analysis using 
SpineAnalyzer™, for each individual image (VFA or XR), the observer tracked T4 to 
L4 vertebral bodies by placing a single point at the centre of their centre (Figure 4.1a) 
and indicating to the software the highest identified vertebral body (for example, T4). 
Subsequently, the programme takes cognisance of all the identified vertebral bodies 
between T4 and L4 and automatically identifies 6-points that correspond to the 
midpoints of the superior and inferior endplates and the four corners of each vertebral 
body (Figure 4.1b); although these can be modified as necessary (Figure 4.1c). 
Importantly, the software does not recognise vertebral bodies above T4 or below L4, 
although unreadable vertebral bodies between these levels can be omitted from the 




heights are automatically determined by the software and, with the help of such 
measurements, the (anterior: posterior), (middle: posterior), (posterior: posterior+1, 
and posterior: posterior-1) height ratios are calculated (+1 and -1 indicate the vertebrae 
immediately above [+1] and below [-1] the vertebra of interest). The vertebral bodies 
are then categorised according to the height loss ratio; height loss of 20%-25% (mild), 
height loss of 25%-40% (moderate) or height loss more than 40% (severe), based on 
the semi-quantitative scoring system developed by Genant [16]. 
 
Figure 4.1 Analysing an iDXA lateral spine image using SpineAnalyzer™ (a) placement of a 
single point at the centre of each vertebral body (b) automatic 6-point annotation (c) manual 





In the case of AVERT™, all lateral XR and VFA images (T4–L4) were analysed as 
follows: initial manual targeting of the centres of the vertebral bodies of interest 
(Figure 4.2a), then the software numbers the vertebral bodies accordingly. The 
software then automatically finds the positions of landmarks to enable a 33-point 
measurement (Figure 4.2b) for each vertebral body: 11 on the upper end-plate, 8 
anteriorly, 11 on the lower end-plate, and 3 posteriorly. The software then allows these 
points to be moved by the observer, if deemed necessary, to correct any fitting failures 
(Figure 4.2c).  
 
Figure 4.2 Analysing an iDXA lateral spine image using AVERT™ (a) placement of a single 
point at the centre of each vertebral body (b) automatic 33-point annotation (c) manual 





Subsequently, the confirmed points are used by the software to calculate the anterior, 
middle and posterior vertebral heights, which are used for the determination of the 
shape of any deformity. From these measurements, the (anterior: posterior), (middle: 
posterior), (posterior: posterior+2, and posterior: posterior-2) height ratios are 
calculated (+2 and -2 indicate the four neighbouring vertebrae the two immediately 
above [+2] and the two immediately below [-2] the vertebra of interest). Thereafter, 
the vertebral bodies are classified as per their height ratios, on the basis of Genant’s 
scoring system [16]. 
For this study, in terms of identifying vertebral levels, the first vertebral body that was 
not associated with a pair of ribs was marked as L1, with the lowermost vertebral body 
associated with ribs then marked as T12. 
For both programmes, the operator is able to move the points for improved fit to 
vertebral shape. The time to conduct MXA for both programmes was measured for R1 
and R2 on 20 randomly selected images.  
4.5.4 Statistical analysis 
SPSS statistics software version 24 (IBM, Armonk, NY, USA) and Microsoft® Excel 
2016 were employed for data analysis. The reference standard for diagnostic accuracy 
(sensitivity, specificity, false positive (FP) and false negative (FN) rates) calculations 
was taken from a previous consensus reached by three paediatric radiologists using a 
simplified ABQ (sABQ) scoring system [11]. For these calculations of diagnostic 
accuracy, all sABQ, SpineAnalyzer™ and AVERT™ scores of 0 or 1 were interpreted 
as, “no clinically significant fracture”. Inter and intraobserver agreement were 





The mean age of the 50 subjects at the time of image acquisition was 9.6 years (range 
5 to 15) and 21 (42%) were male. 
According to the reference standard, 34 (68%) had at least one fracture. Amongst these 
34 patients, there was a total of 175 vertebral fractures, 132 (75%) were mild, 41 (23%) 
were moderate and 2 (1%) were severe. Only 2 of the 34 patients (4%) had severe 
fractures. 
A total of 2600 individual vertebral bodies (T4–L4) collated from both radiographs 
and VFA were assessed by each observer using SpineAnalyzer™ and AVERT™. 
All vertebral fracture locations were distributed throughout the thoracic and lumbar 
spine. The total number and severity of vertebral fractures identified through each 
technique is shown in Table 4.2. In general, the number and severity of vertebral 
fractures at both subject and vertebral levels varied between the gold standard and the 
four investigated methods, however, the severity of vertebral fractures was similar for 
XR and VFA when using AVERT™. Both methods identified slightly more mild 
fractures compared to moderate or severe fractures for both observers irrespective of 
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Sensitivity and specificity of AVERT™ and SpineAnalyzer™ per vertebral level for 
both modalities (DXA and XR) for all vertebrae from T4 to L4 are shown in Figures 
4.3 and 4.4 respectively.  
 
Figure 4.3 Sensitivity identified for all techniques per vertebral level against the ‘gold 




Figure 4.4 Specificity identified for all techniques per vertebral level against the ‘gold 






Sensitivity, specificity, reliability (kappa- 95 % CI) and FN and FP rates of 
SpineAnalyzer™ and AVERT™ for both modalities are summarised in Table 4.3.  
Table 4.3 Diagnostic accuracy of AVERT™ and SpineAnalyzer™ for vertebral fracture 
diagnosis in children  








Sensitivity (%) 41 36 31 26 
Specificity (%) 91 95 96 98 
False negative (%) 59 64 69 75 
False positive (%) 9 5 4 2 
Agreement (%) 79 80 79 78 
Kappa (95 % CI) 0.34 (0.26, 0.40) 0.37 (0.27, 0.46) 0.31 (0.21, 0.44) 0.26 (0.16, 0.35) 
 
Figure 4.5 shows the agreement between the two programmes for a selected DXA 
image. Overall, there was fair agreement (assessed by kappa statistics) between the 
four techniques and the consensus evaluation in terms of identifying vertebral fracture: 
the average kappa score ranged from 0.26 to 0.37 (95% CI: 0.16, 0.46), with XR 
SpineAnalyzer™ having the lowest score 0.26 (95% CI: 0.16, 0.35) and XR 
AVERT™ having the highest score 0.37 (95% CI: 0.27, 0.46). However, no 






Figure 4.5 10-year-old child with osteogenesis imperfecta. Lateral spine DXA image analysed 
by R1 using AVERT™ (a) and SpineAnalyzer™ (b) which illustrates: 
- Agreement: Both programmes identified a severe fracture at T11; moderate fractures at T5 
and T6; mild fractures at T7 and T8 
- Disagreement: T9 identified as mild fracture by AVERT™ but normal by SpineAnalyzer™  
- Gold standard values: T5, T7, T8 and T9 classified as mild fractures; T6 as normal and T11 





Table 4.4 summarises inter and intraobserver agreement of all four methods for the 
two observers. There was moderate interobserver agreement for all methods, with 
kappa ranging from 0·41 to 0·47 (95% CI: 0·25, 0·66). In contrast, intraobserver 
agreement ranged from moderate to good, with mean kappa values for R1 and R2 
ranging from 0·50 to 0.79 and 0.59 to 0.78 respectively; SpineAnalyzer™ XR had the 
lowest score for both observers. For AVERT™, kappa scores for R1 and R2 on DXA 
scans were 0.79 (95% CI: 0.69, 0.90) and 0.73 (95% CI: 0.66, 0.82) respectively. 
Table 4.4 Summary of inter and intraobserver agreement for all methods 





Software Modality  Mean Min Max  
AVERT™ DXA R1 vs R2 0·47 0·27 0·66 95 
AVERT™ Radiographs R1 vs R2 0·46 0·21 0·77 94 
SpineAnalyzer™ DXA R1 vs R2 0·41 0·25 0·65 96 








DXA R1 0.79 0.57 1.00 98 
R2 0.73 0.41 1.00 97 
Radiographs R1 0.78 0.57 1.00 98 
R2 0.77 0.34 1.00 98 
 
SpineAnalyzer™ 
DXA R1 0.66 0.34 1.00 94 
R2 0.78 0.54 1.00 97 
Radiographs R1 0.50 0.30 0.69 91 
R2 0.59 0.41 1.00 92 
 
Table 4.5 summarises the overall results of this current study and compares with those 
of all previous studies that have evaluated semi-automated software techniques in 




Table 4.5 Summary of diagnostic accuracy and observer agreement of semi-automated software techniques in children 




























Six-point analysis  
DXA 
75 98 - - 0.79 - 
Crabtree 
et al [8] 
 
An expert paediatric 
radiologist 
Six-point analysis DXA 79 71 3 25 0.32 - 
Alqahtani 
et al [12] 
Consensus 





Radiographs 18 97 - - 0.05-0.47 0.25-0.61 
Diacinti 
et al [17] 
Consensus 
of two skeletal 
radiologists 
Six-point analysis 

















31 96 69 4 0.41 0.73-0.79 











41 91 59 9 0.47 0.73-0.79 




The time taken by R1 and R2 per image/patient averaged 8±4 minutes (range, 6–14) 
and 6 ±2.0 minutes (range, 4–9 minutes) respectively for AVERT™ and 6±2 minutes 
(range, 3–10) and 3 ±1 minute (range 2–7 min) respectively for SpineAnalyzer™. 
4.7 Discussion 
According to the ISCD criteria, the definition of osteoporosis in children is dependent 
on the identification of one or more vertebral fractures. In the absence of vertebral 
fractures the diagnosis may be made depending on the presence of a bone mineral 
density Z-score of ≤ -2.0, as well as the number of long bone fractures sustained by the 
ages of 10 (≥ 2) and 19 (≥ 3) years (1). It is therefore important to diagnose vertebral 
fractures in children at an early stage to allow appropriate treatment plans to be 
established, such as bisphosphonates, which treat existing fractures as well as reduce 
the risk of future fractures [18]. 
Although there are several commercially available programmes for quantitative 
vertebral morphometry assessment in adults, there is as yet no specific semi-automated 
software for children. In adult subjects, the agreement between observers using 6-point 
technique programmes e.g. SpineAnalyzer™ (Optasia Medical, Cheadle, UK) and 
MorphoXpress (MorphoXpress, P&G Pharmaceuticals, Rusham Park, Egham, UK) 
has been reported to be higher than that in this study [19-23]. These previous studies 
show that the 6-point technique programmes have very high sensitivity and specificity, 
reaching 98% and 99% respectively, and excellent interobserver agreement of 99%, 
with kappa ranging from 0.86 to 0.97. In fact, these adult studies show significantly 
higher diagnostic accuracy than those of all previous studies evaluating 6-point semi-




The purpose of this current study therefore was to ascertain whether observer reliability 
and diagnostic accuracy of MXA for the identification of vertebral fractures in children 
would be improved by using a 33-point semi-automated programme compared to the 
6-point programme for either VFA or radiographs. We analysed images from 50 
subjects used for a previous study [12]. To our knowledge, this is the first report to 
assess two programmes on two different modalities (VFA and radiographs) for the 
identification of vertebral fractures in children.  
Compared to the consensus reached by the three radiology experts, the overall 
sensitivity of the 6- and 33- point semi-automated techniques ranged from 26% to 31% 
and 36% to 41% respectively. These results are slightly higher than the results from a 
previous study, in which five readers with different levels of experience assessed the 
same version of the SpineAnalyzer™ software on 137 radiographs and showed overall 
sensitivity of only 18% (95% CI: 14-2), while overall specificity was 97% (95% CI: 
97-98) [12]. The 50 images used in the current study were randomly selected from the 
137 used in [12], and showed improved overall sensitivity and specificity for 
SpineAnalyzer™ of 26% to 31% and 96% to 98% respectively; and 36% to 41% and 
91% to 95% respectively for AVERT™.   
In the current study, diagnostic accuracy parameters for both software programmes was 
somewhat comparable to previous studies [7, 8, 17] (Table 4.5). The current study has 
the strength of using a consensus read by three paediatric radiologists, each with 
minimum 13 years’ experience, as the reference standard. 
We have demonstrated that MXA on DXA images is comparable to MXA on 
radiographs for identifying clinically significant osteoporotic fractures irrespective of 




observer reliability, with high FN and FP rates. Both programmes underdiagnosed the 
prevalence of mild fractures; of the 132 reference standard mild vertebral fractures, 
only 59, 48, 56 and 23 were identified by DXA AVERT™, XR AVERT™, DXA 
SpineAnalyzer™ and XR SpineAnalyzer™ by R1 respectively and 85, 47, 26 and 17 
by R2 respectively. Moderate and severe vertebral fractures (≥25% loss of height in the 
vertebral body) are readily identified by the naked eye, it is the detection of mild 
fractures that is clinically problematic [8]. Far from improving the detection of mild 
fractures, it would seem that MXA underdiagnoses them.  
Despite the limitation of the increased reading time associated with AVERT™, it 
showed slightly higher accuracy for diagnosis of vertebral fractures in children 
compared to SpineAnalyzer™. However, for both programmes the time was longer in 
subjects with moderate and/or severe vertebral fractures compared to those with no 
fracture. As the FP and FN rates were high in this study, it can be said that the target of 
FP and FN rate that would make a test suitable for clinical use is a clinical decision, 
but 5% might be acceptable. Moreover, it is easy enough to compare two percentages 
using standard methods. 
The poor observer reliability for both programmes may have some explanations. First, 
there is an inherent subjectivity related to the semi-automated placement of points. 
Since the placement of these points still relies heavily on the experience of the observer, 
the correct location of the points may be problematic. Secondly, both programmes use 
the Genant system as their reference, which bases the assessment only on the loss of 
height of vertebral bodies, while the gold standard uses the sABQ method, which is a 
visual method that takes account of alterations in the vertebral endplates which may be 
non-fracture related. Currently, the authors believe that visual methods such as the 





Our results show that AVERT™ has a slightly higher accuracy for diagnosis of 
vertebral fractures in children compared to SpineAnalyzer™; but both methods have 
low diagnostic accuracy and observer reliability and we conclude that until the software 
programmes have been specifically improved, MXA cannot be used as a diagnostic 
tool for vertebral fracture diagnosis in children.  
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There is significant inter and intraobserver variability in diagnosing vertebral fractures 
in children. We aimed to evaluate the diagnostic accuracy of morphometric vertebral 
fracture analysis (MXA) using AVERT™ (Optasia Medical, Cheadle, UK), a software 
programme designed for adults, on dual-energy X-ray absorptiometry (DXA) images 
of children. 
Methods 
Lateral spine DXA images of 420 children aged between 5 and 18 years were 
retrospectively reviewed. Vertebral fracture assessment (VFA) by an expert paediatric 
radiologist using Genant’s semiquantitative scoring system served as the gold standard. 
All 420 DXA scans were analysed by a trained radiographer, using semi-automated 
software (33-point morphometry). VFA of a random sample of 100 images was 
performed by an experienced paediatric clinical scientist. MXA of a random sample of 
30 images were analysed by three paediatric radiologists and the paediatric clinical 
scientist. Diagnostic accuracy and inter and intraobserver agreement (kappa statistics) 
were calculated. 
Findings 
Overall sensitivity, specificity, false positive (FP) and false negative (FN) rates for the 
radiographer using the MXA software were 80%, 90%, 10%, and 20% respectively and 
for mild fractures alone were 46%, 92%, 8%, and 54% respectively. Overall sensitivity, 
specificity, FP, and FN rates for the four additional observers using MXA were 89%, 
79%, 21%, and 11% respectively and for mild fractures alone were 36%, 86%, 14%, 




VFA and MXA [kappa = 0·29 to 0·76 (95% CI: 0·17 – 0·88) and 0·29 to 0·69 (95% 
CI: 0·17 – 0·83)] respectively. 
Interpretation 
MXA using a 33-point technique developed for adults is not a reliable method for the 
identification of mild vertebral fractures in children. A paediatric standard is required 
which not only incorporates specific vertebral body height ratios but also the age-
related physiological changes in vertebral shape that occur throughout childhood. 
Funding 
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Osteoporotic fractures may occur in children and adolescents with low bone mineral 
density (BMD) either as a primary disorder (e.g., osteogenesis imperfecta),[1] or 
secondary to various disorders and medications including acute lymphoblastic 
leukaemia, rheumatic disorders, inflammatory bowel disease, Duchenne muscular 
dystrophy, and glucocorticoid therapy [2, 3]. 
Vertebral fractures represent a significant proportion of all osteoporotic fractures and 
thus, given a lack of major trauma or local disease, presentation with one or multiple 
vertebral fractures is a strong indicator of low bone mass in children [4]. Most vertebral 
fractures are not identified clinically, which may be problematic, given the high levels 
of morbidity they may be associated with. Children with chronic low BMD are 
screened at least annually to assess prevalent and incident vertebral fractures, thus a 
method of accurate detection of these fractures must be devised to allow prompt 
therapeutic interventions.      
Until very recently, lateral spine radiographs were the main method for identifying 
vertebral fractures. However, the latest bone densitometers have made it possible to 
conduct vertebral fracture assessment (VFA) from dual-energy X-ray absorptiometry 
(DXA) scans. This technique is considered preferable due to similar sensitivity and 
specificity when compared to radiographs, as well as the advantage of reduced radiation 
dose [5–8]. The available scoring systems for VFA in adults have also been evaluated 
for utilisation in children: these systems include Genant’s semiquantitative technique 
(SQ);[2, 7, 9]  the algorithm–based qualitative (ABQ) technique,[10] and software 
programmes that allow morphometric analysis (MXA) [6–8, 11]. Results have been 




particularly for mild fractures, which are the most important to detect in order to 
prevent progression [5, 6, 11]. 
The newest generation of bone densitometers are capable of enhancing the diagnostic 
utility of DXA through integration with semi–automated software that helps to 
diagnose vertebral fractures. In terms of recent refinements to MXA, the shape-based 
statistical modelling technique for semi-automated quantitative morphometry has been 
devised for detection of fractures in adults,[12] and this technical development may 
also improve analysis in children in terms of efficiency and accuracy.  
The aim of this study was to evaluate the diagnostic accuracy of MXA through the use 
of a novel semi-automated 33-point morphometric software tool, AVERT™ (Optasia 
Medical, Cheadle, UK), in a cohort of children with chronic disease, using the latest 
iDXA imaging technology in the hands of various observers compared to the reference 
standard of a visual SQ method applied by an experienced paediatric radiologist. 
5.3 Materials and methods 
5.3.1 Study population 
The Picture Archiving and Communication System of Sheffield Children’s Hospital 
(SCH) was searched for all lateral spine iDXA images performed between November 
2011 and November 2016 in children aged between five and 18 years old. The total of 
2800 images was divided into yearly cohorts based on age and 15 lateral spine iDXA 
images were randomly selected for each year of age and both sexes, giving a total of 
420 iDXA lateral spine images which were anonymised and included in the study. Bone 
mineral density (BMD) for both lumbar spine (L2–L4) and total body less head (TBLD) 





5.3.2 Ethics statement  
The study protocol was approved by the Local Health Research Authority (HRA 
reference number: 210524). The study was also registered with the local Research and 
Innovation Department and conducted in accordance with the Declaration of Helsinki 
and the NHS Research Governance Framework.  
5.3.3 Lateral spine imaging 
Lateral spine DXA scans were acquired using a Lunar GE iDXA machine (GE 
Healthcare Lunar iDXA, Buckinghamshire, UK), following the manufacturer’s 
recommendations. Briefly, the child was positioned in the decubitus position on the 
scanning table, with their knees flexed upwards towards the chest, so that the spine was 
parallel to the table with their arms above their head and away from the area to be 
scanned. Foam padding was used to obtain and maintain the required position. 
5.3.4 Image analysis 
All images were analysed using AVERT™ (Optasia Medical, Cheadle, UK). 
AVERT™ is a software programme based on a 33-point morphometric technique and 
uses the latest appearance modelling technology (Random Forest regression voting 
constrained local models) developed by the University of Manchester [13]. Figure 5.1 
is a flow chart of the reporting pathway described below. 
5.3.4.1 Reference standard (420 VFA, R1) 
For the reference standard, identification of vertebral fractures was performed on the 
420 VFA by visually assessing the T4 to L4 vertebrae, relying on an experienced 
paediatric radiologist (R1) i.e., with no software involved, as is the current clinical 
standard. The previous two studies used the ABQ method, while this study used the 




Manchester (UoM) to be able to use the same categorisation of AVERT™ programme. 
In other words, as the software programme is not able to identify fractures when height 
loss is below 20%, using the Genant method may help to reduce false positive and 
negative ratios. Quantitative measurements only took place at the reader’s discretion. 
Vertebrae were categorised by this visual semi–quantitative method as 0 “non-
fractured”, 1 “mild fracture”, 2 “moderate fracture”, and 3 “severe fracture” based on 
Genant et al. classification [14]. Grades 0, 1, 2, and 3 entail loss of height of ≤20%, 
21% to 25%, 26% to 40%, and ≥ 41% respectively. Vertebral fractures are manifested 
by a variety of alterations in shape, including “wedge”, “biconcavity”, or “crush”, 
depending on the site of maximum reduction in vertebral height (anterior, middle, or 
generalised respectively). Additionally, vertebrae felt to be fractured but with ≤ 20% 
reduction in height and vertebrae with loss of height felt to represent physiological 
wedging were reported by the radiologist.  
For consistency of vertebral level detection between observers, prior to study 
commencement at the stage of image anonymisation, R2 placed a marker at T12 for all 
images, confirmed by R1. The lowermost vertebral body associated with a pair of ribs 
was always designated as T12. 
5.3.4.2 Diagnostic accuracy of MXA (420 iDXA, R2) 
A radiographer (R2) used AVERT™ to perform MXA on the 420 selected DXA 
images. Prior to commencing the study, the radiographer was trained to use the 
software programme by experts from the University of Manchester, who participated 
in developing the software (the training was provided by a research associate in 




5.3.4.2 Intraobserver agreement of MXA (100 iDXA, R2) 
To evaluate intraobserver agreement of MXA for R2, DXA images of 100 subjects 
were randomly selected from the study population for a second read. In order to reduce 
recall bias, the repeat scoring was performed after an interval of approximately 30 days.  
5.3.4.3 Observer agreement of MXA (30 iDXA, R1, R3, R4, R5) 
To ascertain observer agreement of MXA more widely, three consultant paediatric 
musculoskeletal radiologists (R1, R4, R5), each with a minimum of 13 years’ 
experience, and an experienced clinical scientist (R3), independently performed MXA 
on 30 iDXA images randomly selected from the 100 interpreted by R2. Following an 
interval of at least 2 weeks, 10 of the 30 iDXA images were randomly selected for a 
second read by the same four observers to allow calculation of intraobserver agreement 
of MXA.  
5.3.4.4 Interobserver agreement of VFA (100 iDXA, R1, R3) 
To evaluate interobserver agreement of VFA, an experienced paediatric clinical 
scientist (R3) independently used the SQ grading scale for visual assessment (VFA) of 
the same 100 iDXA used for R2’s second read. The results were compared to the 
reference standard to assess interobserver agreement of VFA. 
Sensitivity, specificity, false positive (FP), and false negative (FN) rates were 





            Figure 5.1 Flow chart summarising the reporting pathway  
5.3.5 Morphometric analysis  
The first step in MXA required the observers to identify all vertebrae from T4 to L4 by 
manually placing a single point at the centre of each vertebral body, then the software 
identified the vertebral bodies accordingly (i.e. T4 as the highest and L4 as the lowest 
vertebra) (Figure 5.2). Subsequently, the programme automatically outlined each 
labelled vertebra with 33 measurement points: eleven on the upper end-plate, eight on 
the anterior margin, eleven on the lower end-plate, and three on the posterior margin 
(leading to 33 points for each vertebral body). The observers reviewed the images and, 
if necessary, modified these points. From these confirmed points, the software then 
computed the anterior, middle and posterior (ha, hm and hp) heights and calculated the 
wedge ratio (ha/ hp), biconcave ratio (hm/hp) and crush ratio (hp/hp+2 or hp/hp–2), where 




and the two immediately below [-2] the vertebra under examination. Based on the 
semi–quantitative scoring system developed by Genant et al., vertebrae were classified 
according to their height loss ratios as normal or mild, moderate, or severe fracture for 
height loss of < 21%, 21%–25%, 26%–40% and ≥41% respectively. 
 
Figure 5.2 Technique used to perform semi-automated quantitative morphometric 
measurements (AVERT™). a) Lateral iDXA scan of the entire spine of a 9 -year-old female 
with osteogenesis imperfecta; b) identified vertebral bodies from T4 to L4; c) 33 points placed 
to outline T12. The arrow points to the T12 marker that ensured consistency between readers 
for vertebral level identification (lowest vertebral body associated with a rib). 
5.3.6 Statistical analysis 
We report demographic and bone densitometry data (bone mineral density (BMD, 
g/cm3) and z-score for both L2–L4 and TBLD). The frequency of vertebral fracture 
severity for each observer and for all vertebrae from T4 to L4 was calculated. Inter and 
intraobserver agreement and associated 95% confidence intervals (CI) were calculated 




and FN rates) was calculated. Analyses were performed both at the subject and at the 
individual vertebral level. We analysed prevalent vertebral fractures in three groupings: 
(1) any fracture (mild, moderate and severe); (2) moderate and severe, and (3) mild 
fracture.  
Statistical analyses were conducted using SPSS statistics software version 24 (IBM, 
Armonk, NY, USA) and Microsoft® Excel 2016.  
5.4 Results 
We included 420 lateral iDXA scans in children aged between 5 and 18 years (30 per 
year of age being the typical number used to train software); 210 (50 %) were male; 
380 (90%) had osteogenesis imperfecta, 12 (3%) Duchenne muscular dystrophy, 8 
(2%) polyostotic fibrous dysplasia, and 20 (5%) other conditions including anorexia 
nervosa, diabetes mellitus, juvenile dermatomyositis and coeliac disease. Descriptive 




Table 5.1 Summary of demographic and bone densitometry data of study subjects (mean and SD), n = 420*  

















5 105·5 10·85 17·42 3·30 0·559 0·13 -0·857 1·79 0·489 0·16 -0·687 0·72 
6 111·85 8·90 20·07 3·76 0·616 0·10 -0·739 1·35 0·601 0·08 -0·478 0·90 
7 116·77 13·57 23·91 6·28 0·669 0·11 -0·306 1·37 0·661 0·07 -0·106 1·19 
8 126·37 8·53 30·44 11·39 0·735 0·24 -0·120 1·75 0·712 0·13 0·093 1·48 
9 133·31 12·68 32·95 13·38 0·668 0·07 -0·736 1·05 0·659 0·11 -0·927 1·17 
10 138·04 8·23 35·12 8·62 0·737 0·13 -0·507 1·35 0·763 0·10 -0·433 1·11 
11 142·23 10·99 38·75 16·78 0·867 0·33 -0·538 1·40 0·802 0·12 -0·377 1·13 
12 143·72 11·73 40·30 10·75 0·824 0·12 -0·908 0·80 0·805 0·13 -0·758 0·97 
13 156·17 9·46 47·26 10·95 0·863 0·35 -0·127 1·79 0·902 0·16 -0·227 1·53 
14 158·34 11·09 52·34 20·75 0·948 0·23 -0·360 1·51 0·966 0·12 -0·260 1·21 
15 160·21 9·90 49·74 5·14 1·080 0·20 -0·442 1·39 0·970 0·11 -0·567 0·92 
16 161·49 6·08 60·91 13·31 1·147 0·23 -0·287 1·77 0·969 0·12 -0·34 1·49 
17 165·38 9·04 58·95 11·62 1·111 0·15 -0·806 1·20 0·950 0·10 -0·863 0·78 
18 166·06 9·50 60·23 7·70 1·057 0·21 -1·217 1·63 0·950 0·10 -0·958 1·07 
* 15 females and 15 males in each age group  




5.4.1 Diagnostic accuracy of MXA (420 iDXA) 
Vertebral fracture assessment (VFA) of 5460 individual vertebrae was performed by 
R1 using the visual SQ method (this was the gold-standard read) and by R2 using the 
33-point MXA technique; of these, 4% were not evaluable by either method because 
of poor image quality, including movement artefact. The majority of unevaluable 
vertebrae for both techniques were located in the upper thoracic spine (Figure 5.3). 
 
Figure 5.3 Total number of unevaluable vertebrae for VFA=231 (4%) and MXA (AVERT™) 
=243 (4%) 
 
Among the 420 subjects, 191 (45%) had no fracture by the gold-standard visual SQ 
method, while mild, moderate and severe fractures were identified in 98 (23%), 67 
(16%), and 29 (7%) subjects respectively. Isolated physiological wedging (with no 
fracture) was identified in 35 (8%) children. MXA identified more children with mild 
and moderate vertebral fractures than the gold standard but almost the same number 
of severe vertebral fractures. Table 5.2 shows the number and grading of the evaluated 










































VFA (R1) = gold standard MXA– AVERT™ (R2) 
Per vertebra Per subject Per vertebra Per subject 
No fracture 4564 (81%) 191 (45%) 4412 (78%) 157 (37%) 
Mild fracture  
(21% to 25% loss of height) 
216 (4%) 98 (23%) 441 (8%) 204 (49%) 
Moderate fracture  
(26% to 40% loss of height) 
124 (2%) 67 (16%) 317 (5%) 155 (37%) 
Severe fracture  
(≥ 41% loss of height) 
54 (1%) 29 (7%) 47 (1%) 27 (7%) 
Non-readable vertebra 231 (4%) 80 (19%) 243 (4%) 98 (23%) 
Fractures  
(loss of height ≤ 20% )*  
77 (1%) 32 (7%) N/A N/A 
Physiological wedge 136 (3%) 35 (8%) N/A N/A 
Possible fracture 58 (2%) 14 (14%) N/A N/A 
 * A height reduction of ≤ 20% that was nevertheless considered to represent a fracture rather 
than normal variation 
The location of mild fractures and physiologically wedged vertebrae is shown in 
Figure 5.4. 
 
Figure 5.4 Number and location of mild vertebral fractures identified by both techniques 
compared to number of physiologically wedged vertebrae identified by VFA. The figure 
illustrates that in the mid-thoracic region, the number of mild fractures identified by 
AVERT™ was comparable to the sum of the mild fractures and physiological wedges 
identified by the visual SQ method (e.g. at T7 and T8, AVERT™ identified 69 and 52 mild 
fractures, respectively; whereas the sum of the mild fractures and physiologically wedged 





























Figures 5.5a and b show the number, severity, and shape of vertebral fractures by the two 
methods at the vertebral and subject levels respectively, as well as the physiological wedges 
identified by VFA. 
 
                                                                     (5.5a) 
 
                                                       (5.5b) 
Figure 5.5 Number of vertebral fracture shapes identified using both techniques (a) at 
vertebral level and (b) at subject level (note that AVERT™ does not have the ability to 
diagnose physiologically wedged vertebrae






























The diagnostic accuracy and observer agreement of AVERT™ for the “any fracture” (≥ 21% loss of height), “moderate and severe fracture” 
(≥26% loss of height), and “mild fracture” (21% to 25% loss of height) groups are presented in Table 5.3.  





































Agreement Kappa 95% CI Sensitivity 
 




Agreement  Kappa 95% CI 
T4 332 16/19 (84%) 289/313 (92%) 94% 0·50 0·33 – 0·66 4/4 (100%) 318/328 (97%) 94% 0·43 0·12 – 0·69 7/9 (79%) 304/323 (94%) 88% 0·37 0·21 – 0·55 
T5 364 27/34 (79%) 286/330 (87%) 92% 0·44 0·31 – 0·57 8/10 (80%) 329/354 (93%) 95% 0·34 0·15 – 0·52 3/19 (16%) 310/345 (90%) 62% 0·03 -0·17 – 0·28 
T6 388 39/45 (87%) 289/343 (84%) 93% 0·48 0·37 – 0·58 15/19 (79%) 347/369 (94%) 98% 0·49 0·30 – 0·65 8/21 (38%) 320/369 (87%) 82% 0·14 0·01 – 0·29 
T7 400 46/52 (88%) 273/348 (78%) 94% 0·42 0·32 – 0·52 18/23 (78%) 343/377 (90%) 96% 0·42 0·28 – 0·55 11/25 (44%) 319/375 (85%) 82% 0·15 0·03 – 0·33 
T8 404 45/52 (86%) 290/352 (82%) 96% 0·46 0·36 – 0·56 19/20 (95%) 325/384 (84%) 98% 0·32 0·20 – 0·44 7/28 (25%) 336/376 (89%) 66% 0·09 -0·14 – 0·21 
T9 411 32/52 (64%) 317/361 (88%) 95% 0·41 0·29 – 0·52 12/17 (71%) 383/394 (97%) 95% 0·53 0·32 – 0·69 11/29 (38%) 344/382 (89%) 84% 0·20 0·09 – 0·33 
T10 409 21/29 (72%) 347/380 (91%) 95% 0·45 0·30 – 0·58 10/11 (91%) 381/398 (96%) 95% 0·49 0·28 – 0·67 8/14 (57%) 377/395 (95%) 92% 0·36 0·21 – 0·44 
T11 407 24/27 (89%) 348/380 (92%) 96% 0·53 0·39 – 0·65 10/10 (100%) 376/397 (95%) 96% 0·45 0·24 – 0·62 7/15 (47%) 375/392 (95%) 89% 0·31 0·17 – 0·48 
T12 412 23/25 (92%) 357/387 (92%) 97% 0·54 0·40 – 0·67 13/14 (93%) 385/398 (97%) 97% 0·61 0·42 – 0·77 6/9 (67%) 384/403 (95%) 79% 0·32 0·19 – 0·43 
L1 412 39/42 (93%) 335/370 (90%) 97% 0·63 0·52 – 0·72 18/19 (95%) 372/393 (95%) 97% 0·58 0·41 – 0·71 11/20 (55%) 369/392 (94%) 81% 0·36 0·22 – 0·49 
L2 414 25/30 (83%) 361/384 (94%) 98% 0·60 0·45 – 0·72 13/14 (93%) 388/400 (97%) 97% 0·65 0·43 – 0·80 6/14 (43%) 383/400 (96%) 82% 0·29 0·13 – 0·36 
L3 413 15/22 (68%) 384/391 (98%) 97% 0·66 0·46 – 0·82 8/10 (80%) 399/403 (99%) 98% 0·72 0·45 – 0·89 3/8 (38%) 398/405 (98%) 88% 0·31 0·19 – 0·48 
L4 415 10/17 (59%) 389/398 (98%) 96% 0·53 0·30 – 0·70 5/7 (71%) 404/408 (99%) 96% 0·61 0·23 – 0·87 3/6 (50%) 402/409 (98%) 93% 0·36 0·22 – 0·49 























































0·27 – 0·55 




5.4.2 Intraobserver agreement of MXA (100 iDXA) 
There was fair to excellent intraobserver agreement, with kappa ranging from 0·49 to 
0·87 (95% CI: 0·37, 0·98), with the lowest agreement level identified at T4. Figure 5.6 
summarises intraobserver agreement of MXA for R2. 
 
 
Figure 5.6 Intraobserver (R2) agreement of MXA/AVERT™   
 
5.4.3 Observer agreement of MXA (30 iDXA) 
In respect to the “any fracture” grade, there was fair to good interobserver agreement 
between the additional four raters when they used AVERT™, with kappa ranging from 
0·39 to 0·53 (95% CI: 0·17 – 0·67). In contrast, there was a slightly higher agreement 
level when only “moderate and severe fractures” were considered, with kappa ranging 
from 0·48 to 0·67 (95% CI: 0·33 – 0·78). Finally, there was poor agreement when only 
“mild fractures” were considered, with kappa ranging from 0·10 to 0·29 (95% CI: -
0·09 – 0·41). Intraobserver agreement for the same four readers for “any fracture” 
ranged from moderate to good, with mean kappa values for R1, R3, R4, and R5 of 0·55, 


























were 0·59, 0·82, 0·89, and 0·67 and for “mild fractures” kappa values were 0·67, 0·61, 
0·51, and 0·58 respectively.  Table 5.4 summarises inter- and intraobserver agreement 
of MXA for the four observers.  
Table 5.4 Summary of inter and intraobserver agreement for MXA (n=30) 
Interobserver agreement  Observer Kappa 
Any fracture (≥ 21% loss of height)  Mean Min Max 
 R1 vs R3 0·39 0·20 0·69 
 R1 vs R4 0·44 0·23 0·57 
 R1 vs R5 0·53 0·38 0·73 
 R3 vs R4 0·41 0·20 0·85 
 R3 vs R5 0·39 0·15 0·58 
 R4 vs R5 0·42 0·11 0·70 
 Agreement across four observers Fleiss’ kappa = 0·44 
Moderate and severe fracture (≥ 26% loss of height)     
 R1 vs R3 0·50 0·30 0·76 
 R1 vs R4 0·52 0·24 0·73 
 R1 vs R5 0·67 0·42 0·92 
 R3 vs R4 0·48 0·26 0·79 
 R3 vs R5 0·56 0·36 0·96 
 R4 vs R5 0·49 0·16 0·81 
 Agreement across four observers Fleiss’ kappa = 0·52 
Mild fracture (21% to 25% loss of height)   
 R1 vs R3 0·21 0·07 0·45 
 R1 vs R4 0·21 0·01 0·43 
 R1 vs R5 0·29 0·04 0·61 
 R3 vs R4 0·19 0·04 0·56 
 R3 vs R5 0·10 0·07 0·27 
 R4 vs R5 0·15 0·03 0·51 
 Agreement across four observers Fleiss’ kappa = 0·21 
Intraobserver agreement Observer Kappa 
Any fracture (≥ 21% loss of height)     
  Mean Min Max 
 R1  0·55 0·16 1·00 
 R3 0·60 0·28 1·00 
 R4 0·68 0·11 1·00 
 R5 0·58 0·13 1·00 
 Agreement across four observers 0·60 0·11 1·00 
Moderate and severe fracture (≥ 26% loss of height)     
 R1  0·59 0·19 1·00 
 R3 0·82 0·44 1·00 
 R4 0·89 0·56 1·00 
 R5 0·67 0·18 1·00 
 Agreement across four observers 0·74 0·18 1·00 
Mild fracture (21% to 25% loss of height)     
 R1 0·67 0·21 1·00 
 R3 0·61 0·11 1·00 
 R4 0·51 0·01 1·00 
 R5 0·58 0·01 1·00 





The average sensitivity, specificity, FP, and FN rates for the four observers were 89%, 
79%, 21%, and 11% at the vertebral and 98%, 52%, 48%, and 2% at the subject level 
for any fracture grade. When only mild fractures were considered, the average 
sensitivity, specificity, FP, and FN rates were 36%, 86%, 14%, and 64% at the vertebral 
and 88%, 35%, 65%, and 12% at the subject levels respectively. 
5.4.4 Observer agreement of VFA (100 iDXA) 
Of the possible total of 1300 vertebrae, from T4 to L4 (i.e. 13 vertebrae per subject in 
100 subjects); 1267 (97%) were adequately visualised by R1, and 1269 (98%), and 
1248 (96%) by R2 and R3 respectively.  The number and severity of vertebral fractures 
at the vertebral and subject levels for each observer are shown in Table 5.5. Although 
the numbers of mild and moderate vertebral fractures varied between all observers, the 
number of severe fractures was comparable. A similar pattern was observed at the 
subject level. Figure 5.7 summarises the interobserver agreement of VFA between R1 
and R3.  
Table 5.5 Fracture prevalence by observer and technique for 100 randomly selected images 
 
 
VFA (R1) = Gold 
standard 
MXA– AVERT™ (R2) VFA (R3) 
Per vertebra Per subject Per vertebra Per subject Per vertebra Per subject 
No fracture 822 (63%) 32 (32%) 902 (69%) 11 (11%) 782 (60%) 14 (14%) 
Mild fracture 
(21% to 25% loss of height) 
149 (11%) 56 (56%) 176 (14%) 70 (70%) 208 (16%) 72 (72%) 
Moderate fracture 
(26% to 40% loss of height) 
97 (7%) 35 (35%) 153 (11%) 61 (61%) 130 (10%) 45 (45%) 
Severe fracture 
(≥ 41% loss of height) 
39 (3%) 19 (19%) 38 (3%) 20 (20%) 62 (4%) 22 (22%) 
Non-readable vertebrae 66 (5%) 16 (16%) 31 (2%) 19 (19%) 70 (5%) 15 (15%) 
Fractures 
(with loss of height ≤ 20% )* 
55 (4%) 25 (2%) N/A N/A 48 (3%) 23 (2%) 







Figure 5.7 Interobserver (R1, R3) agreement of VFA 
5.5 Discussion 
This study aimed to determine the diagnostic accuracy and inter and intraobserver 
agreement of morphometric vertebral fracture analysis (MXA) using a 33-point 
software programme (designed for adults) on a large cohort of children with conditions 
predisposing to vertebral fracture. Results of MXA were compared to the visual SQ 
technique for vertebral fracture identification from iDXA scans (VFA). Results 
demonstrate that MXA is only as good as VFA in identifying severe vertebral fractures 
with reduced diagnostic accuracy for detecting mild vertebral fractures. 
The overall sensitivity, specificity, FP, and FN rates for R2 to R5 were 89%, 79%, 21%, 
and 11% at the vertebral and 98%, 52%, 48%, and 2% at the subject levels. Five 
previous studies that used 6-point MXA and VFA [5–8, 11] have shown generally 
lower diagnostic accuracy, except for a higher specificity at subject level than has been 
shown by the current study. This may be due to the high number of subjects with 
physiological wedging according to the reference standard which were diagnosed as 
























The results of observer agreement of MXA in this current study are slightly higher than 
those of a previous study, for which the evaluation was conducted by three readers (an 
experienced clinical scientist, a senior radiographer and a clinical scientist unfamiliar 
with MXA) [6]. In that study, kappa scores ranged from 0·13 to 0·32 when compared 
to VFA. On the other hand, our results show a slightly lower agreement level when 
compared to another recent study [8], where kappa reached 0·79 (95% CI: 0·62 – 0·92) 
and 0·55 (95% CI: 0·40 – 0·68) at the vertebral and subject levels, respectively. It 
should be noted that the study was based on only 20 subjects, and the gold standard 
was radiographic images reported by a non-radiologist reader [8]. Yet another study 
used Hologic QDR Physician’s viewer software (version 7·02) to perform MXA on 
lateral DXA scans of 58 children and adolescents, using six-point software. This 
reported higher agreement at both the vertebral and subject levels (a kappa score of 
0·72 (95 % CI: 0·65 – 0·78), and 0·73 (95 % CI: 0·55 – 0·91) respectively) when 
compared to the visual SQ method using conventional radiographs and performed by 
two experienced skeletal radiologists [7]. Notably, no comparison was established in 
that study between MXA and visual SQ for VFA. Finally, our current findings are 
better than those of a recent study on radiographic images of 137 children, in which 
five observers utilised a six-point software programme (SpineAnalyzer™, Optasia 
Medical, Cheadle, UK); kappa for interobserver reliability ranged from 0·05 to 0·47 
(95% CI: -0·19 – 0·76) and the intraclass correlation coefficient for intraobserver 
reliability ranged from 0·25 to 0·61[11]. 
Despite improvement in diagnostic accuracy of 33-point MXA compared to 6-point 
MXA and VFA, our results show low diagnostic accuracy and observer reliability when 
only mild fractures are considered. Our results suggest that a large contributory factor 




developmental morphological variability that occurs throughout childhood) from mild 
fractures, particularly in the thoracic region. As a consequence, the rate of mild and 
moderate fracture was relatively higher for MXA than for the reference standard.   
This inability to differentiate normal physiological wedging from fracture contributes 
to the generally low observer reliability of vertebral fracture diagnosis in children, 
irrespective of imaging modality or scoring system [5]. Software that is developed on 
a healthy cohort of children which incorporates relevant variables related to age may 
be the solution to accurate and reliable diagnosis of mild vertebral fractures in children.  
Another major limitation of MXA is the inability of the software programme to identify 
fractures when height loss is below 20%, identified in 32 subjects (8%) in this study.  
It should be pointed out that observer reliability of MXA depends on point placement, 
which to a large extent affects thresholds for height ratios. In other words, only a very 
small alteration in point placement and therefore in height ratio (that would be 
insignificant clinically) can lead to two different fracture categories being reported by 
2 observers or by the same observer at different times (e.g. 24·9% and 25·1% loss of 
height will be classified as mild and moderate fractures respectively). This is 
particularly important at the threshold between no vertebral fracture and mild vertebral 
fracture.  
The T5-T9 region evidenced the most fractured levels on the spine. This is in line with 
previous research on children that has reported that the mid and upper thoracic spine 
are the most fractured levels in children [6,7,10,11]. However, in practice, the exact 
location to place points in the thoracic region can be problematic as the region 




that may affect the operators’ visualisation. Therefore, this might have increased the 
rate of false positives.  
Considering individual vertebral levels, the L1–L4 region showed the highest kappa 
scores, indicating that the lower vertebral levels are more adequately visualised and 
more likely to be assessed correctly by all observers using the two methods. This is in 
line with previous research that has reported on the difficulty of identifying vertebral 
fractures in the mid and upper thoracic spine in children [8, 9, 11]. 
A limitation of this study is that the rating of only one experienced paediatric 
radiologist was used as reference rather than a consensus of several radiologists. 
However, only a single radiologist provides the clinical report, so in this respect the 
study design more closely resembles clinical practice. The subjectivity of positioning 
the points on each vertebral body is a limitation of any quantitative morphometric 
technique and cannot easily be avoided. This is further complicated in children who 
have age-dependent changes in vertebral body ossification. A clear guideline as to 
where the points should be positioned in children prior to full vertebral ossification is 
required.  The strength of this current study is that it demonstrates the utility of the 33-
point software programme to conduct MXA in the hands of various observers, 
including three paediatric radiologists, a radiographer and a clinical scientist, all with 
varying degrees of experience.  With a reliable software programme, specifically 
designed for use in children, non-medical staff could be trained to perform MXA.   
However, as emphasised by a previous study [15], a second read by a radiologist is 
required to reliably differentiate mild fractures from non-fracture deformities. Endplate 
changes and ossification process can be problematic for vertebral fracture identification 
in children; therefore, the authors believe that visual methods such as the ABQ 





MXA reaches only moderate agreement when compared to the visual SQ VFA 
technique, with fair to moderate inter and intraobserver agreement. In order to facilitate 
the detection of mild vertebral fractures in children, a paediatric standard is required 
which not only incorporates specific vertebral body height ratios but also the age-
related physiological changes in vertebral shape that occur throughout childhood. 
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6.1 Overall summary and discussion 
Patients with reduced bone density are more at risk of experiencing fractures, even after 
minor traumatic events. The most common types of fractures in these cases are in the 
vertebrae and femoral necks in adults, and vertebrae in children. Therefore, the key 
issue which has prompted the research presented in this thesis is that the dependence 
of the diagnosis of osteoporosis in children on the identification of vertebral fractures 
and therefore it is important that vertebral fractures are promptly and reliably 
diagnosed. Vertebral fractures are different from osteoporotic fractures of the limbs in 
the sense that they are normally silent. Added to this is that if they are not treated, 
progressive degeneration of body height occurs. However, if diagnosed early, medical 
care can be initiated immediately in the form of treatment with bisphosphonates that 
limit the development of incident fractures.  
Thus, one of the aims of this thesis was to report and review the results of previous 
research studies in relation to the diagnosis of osteoporotic vertebral fractures in 
children. However, there is no accepted standardised technique for detecting vertebral 
fractures in children. Commercially available semi-automated programmes have been 
trialled on adults with previous studies demonstrating that such programmes are 
reliable and accurate in measuring vertebral height and identifying vertebral fractures 
in adults (Chapter 4, page 124). As there is yet no specific semi-automated software 
for use with children, the general aim of this thesis was to evaluate the available semi-
automated software programmes that exist for adults and to compare the results with 
the gold standard method currently used in clinical practice (visual assessment by 
radiologists). 
In terms of the results related to inter and intraobserver agreement, the first finding 




and intraobserver variability in diagnosing vertebral fractures in children. This was 
confirmed using the SpineAnalyzer™ software programme. In Chapter Three (page 
89), the results indicate a relatively low inter and intraobserver agreement, with kappa 
ranging from 0.05 to 0.47 (95% CI: -0.19, 0.76) and ICC ranging from 0.25 to 0.61. 
The overall sensitivity and specificity were 18% (95% CI: 14–22) and 97% (95% CI: 
97–98), respectively. Reasons behind this low level of agreement may be the 
subjectivity of point placement by different observers. Here, experience was certainly 
a determining factor in the differences when identifying T12/L1 (the lowermost 
vertebral body associated with ribs was identified as T12). Another reason may be the 
method used by SpineAnalyzer™ in identifying vertebral fractures. This is based only 
on the loss of height of vertebral bodies whilst the gold standard is sABQ, a visual 
method that considers alterations in the vertebral endplates that may be non-fracture 
related. On the basis of these results, the present author recommends the placing of 
more than six points (the software limit of SpineAnalyzer™) to accurately represent 
vertebral morphometry in children.  
In Chapters Four and Five, AVERT™, which is a new 33-point technique semi-
automated software programme, was used on paediatric radiographs and DXA-VFA. 
AVERT™ is made available through a collaboration between Optasia Medical, a 
medical image analysis company who developed and distributed the earlier 
SpineAnalyzer™ package and the University of Manchester (UoM). Currently, the 
software is in use at the UoM (for adults) and the University of Sheffield (UoS) (for 
children) for development purposes. Ultimately, all parties aim to develop a fully 
automated computer system for identifying vertebral fractures (in both adults and 
children). Optasia Medical provided the main author with a free license for AVERT™ 




The aim of Chapter Four (page 108) was to evaluate whether observer reliability and 
diagnostic accuracy of MXA for the identification of vertebral fractures in children is 
improved with a 33-point semi-automated programme (AVERT™) compared to the 6-
point programme (SpineAnalyzer™) utilising both VFA and radiographs on the same 
50 subjects from the previous experiments (Chapter Three, page 81). Overall, poor to 
fair agreement across the four techniques was found when compared with the reference 
standard in terms of identifying vertebral fractures: the average kappa score ranged 
from 0.26 to 0.37 (95% CI: 0.16, 0.46), with XR AVERT™ having the highest value 
followed by DXA AVERT™.  
The overall sensitivity of SpineAnalyzer™ and AVERT™ ranged from 26% to 31% 
and 36% to 41% respectively, and the overall specificity ranged from 96% to 98% and 
91% to 95% respectively. Comparing these findings to those of the previous chapter 
(Chapter Three, page 89), AVERT™ has a slightly increased diagnostic accuracy 
compared to SpineAnalyzer™ for both DXA and XR; however, both programmes 
showed low diagnostic accuracy, poor technique agreement and high false negative 
rates. This study further confirms findings from previous studies indicating significant 
inter and intraobserver variability in diagnosing vertebral fractures in children.  
For Chapter Five (page 133), the plan was to assess and train AVERT™ using a large 
database of iDXA scans (420 DXA scans) enriched with a high fracture prevalence. 
This allowed evaluation of the MXA method under realistic operating conditions, such 
as would be encountered in clinical use in the hands of various observers. The reference 
standard was a visual assessment relying on Genant’s SQ method on VFA by an 
experienced paediatric radiologist. When compared to the gold standard, the overall 
sensitivity, specificity, FP, FN rates and the degree of agreement (reported by kappa) 




severe) group. However, a slight improvement in all diagnostic accuracy parameters 
was seen when calculated for “moderate and severe fracture” group; 87%, 95%, 5%, 
13% and 0.43 respectively. In contrast, for the mild fracture group, values of 46%, 
92%, 8%, 54% and 0.41, respectively were obtained. Additionally, a clinical scientist 
reported 100 VFA by a visual SQ grading: the interobserver agreement between two 
expert readers ranged from fair to good [kappa = 0.29 to 0.76 (95% CI: 0.17 – 0.88), 
with T7 and T9 scoring the lowest kappa values of 0.29 and 0.32, respectively. The 
inability to differentiate normal physiological wedging from fracture also accounts for 
low observer agreement of VFA. Finally, observer reliability of AVERT™ was 
evaluated more widely by four observers (three paediatric radiologists and an 
experienced clinical scientist) on 30 DXA-VFA. For the “moderate and severe 
fracture” group, inter and intraobserver agreement across the four observers ranged 
from 0.48 to 0.67 (95% CI: 0.37, 0.75) and from 0.59 to 0.89 (95% CI: 0.49, 0.97), 
respectively. However, when only mild fractures were considered, the inter and 
intraobserver agreement across the four observers ranged from 0.10 to 0.29 (95% CI: 
0.01, 0.37) and from 0.51 to 0.67 (95% CI: 0.42, 0.76), respectively. Despite 
improvement in diagnostic accuracy of 33-point MXA compared to 6-point MXA, our 
results showed low diagnostic accuracy and observer reliability when only mild 
fractures were considered. Severe fractures may lead to spinal deformity, so it is 
important to identify and treat when they are mild.  
From the results of all research chapters presented in this thesis, kappa values for inter 
and intraobserver agreement and diagnostic accuracy were significantly higher for the 
lower vertebral levels (L1-L4) than for the mid and upper thoracic levels. These 
findings support those of previous studies reporting that visualisation and identification 




for fracture diagnosis in children. The reasons for this difficulty have been fully 
discussed in Chapter Three (page 98).  
These studies were made possible due to the cooperation between different parties 
including; UoS, UoM, SCH, Birmingham Children’s Hospital NHS Foundation Trust 
and Optasia Medical Limited. The outcomes reported in this thesis show the need to 
enhance reliability of semi-automated software programmes for use in children. It is 
this author’s opinion that these findings have established a strong foundation on which 
to build future SARACEN studies (see 6.3, page 165 for more details). 
In conclusion, the findings reported in this thesis have demonstrated low inter- and 
intraobserver reliability and diagnostic accuracy for vertebral fracture identification in 
children for semi-automated software programmes that exist for use with adults. 
Neither AVERT™ nor SpineAnalyzer™ (existing adult software programmes) are 
satisfactorily reliable for vertebral fracture diagnosis in children. Although the 
programmes may appear useful in adults, the systems need revision by being trained 
with paediatric images. A specific algorithm should be designed to determine point 
placement and incorporate overall vertebral body shape, and the classification needs to 
be based on a grading system specifically designed to differentiate physiological 
variation from mild vertebral fractures. Development of specific paediatric software 
and normative values (incorporating age-related physiological variation in children) is 
therefore required. 
6.2 Challenges and limitations 
The most significant challenge of this thesis is the retrospective nature of all studies. 
Study samples for Chapters Three and Four (pages 76 and 106) were limited to the 




study (three paediatric radiologists’ readings). For the results presented in Chapter Five 
(page 142) however, there were enough subjects to include older children and 
adolescents (5 – 18 years old) for males and females and thus a new reference standard 
was established by an experienced paediatric radiologist. Another challenge was 
related to differences in identifying T12/L1 for the observers in Chapters Three and 
Four. This issue may increase the variability in observer reliability. In Chapter Five 
however, this limitation was countered by having a marker placed adjacent to an agreed 
vertebra (an arrow added to demonstrate the T12 vertebral body, lowest vertebral body 
associated with a rib) so that all observers recognised the same vertebral levels. 
Another challenge that could not easily be avoided was the poor visualisation of the 
upper vertebral levels, which caused difficulty for the observers to apply the 
programmes and contributed to variability in point placement. As both programmes 
(AVERT™ and SpineAnalyzer™) only accept Digital Imaging and Communications 
in Medicine (DICOM) images, an additional challenge was the use of an external 
programme (Horos) to convert the format of lateral spine DXA collected from the 
PACS at the Radiology Department of SCH, from Joint Photographic Experts Group 
(Jpeg) to DICOM. This step may have contributed to reducing the spatial resolution of 
images.  
The main limitation of this PhD study was the lack of an objective gold standard to 
compare with the results of semi-automated software programmes for diagnosing 
vertebral fractures in children. Therefore, the authors were not sure if the vertebrae 
were truly fractured in the case of (potential) mild fractures. The best solution available 
to us was using reads of experienced paediatric radiologists as reference standard 
(clinical daily practice method). Another limitation of this study, was the subjectivity 




weakness of any quantitative morphometric technique. Despite the training provided to 
observers before commencing the study, identifying vertebral morphometry points 
often varies between observers depending on their knowledge, experience and skills. 
The issue with this subjectivity is that small differences in positioning the points may 
affect the overall results. This point has been discussed with the inclusion of illustrative 
figures in Chapter Three (pages 93-94).  
Finally, while the UoS and SCH team was able to establish a reference standard for 
420 DXA and to evaluate AVERT™ using paediatric images, there was an issue 
securing sufficient funds to continue the study and to further develop such software. 
The Computing Department at the UoM was not able to secure funds to carry on the 
research training of AVERT™ using the paediatric images and thus returned the 
untrained software to our team for further testing of the programme. This point is 
discussed in more detail in the next section. 
6.3 Future work 
There are numerous avenues for future research which readily suggest themselves from 
the results of this thesis. I believe continuation of this work using the following 
guidelines will provide the opportunity for the betterment of our understanding of 
diagnosis of vertebral fractures in children. Firstly, in terms of future work that could 
be carried out with the Computing Department at UoM, all data has been transferred to 
the Manchester team. Specific software will be used to extract all data including point 
locations on each vertebral body and clinical diagnosis (reference standard) from 
AVERT™ and convert them into text files that can be loaded into other software for 
analysis and model building.  The aim would be to use the manual annotations of points 




for each subject) to build RFRV-CLM models and test their accuracy (in terms of the 
accuracy of automatically localising points on query images).  Then, after training the 
new model, the software could be run again on the same 50 images (Chapter Four) that 
were tested before the training process to see if the results improve. Finally, once the 
tool is developed, conducting a cohort study/prediction of vertebral fracture study 
would be the optimal approach for assessing the tool in children. Numerous additional 
experiments would also be possible, such as testing whether age-specific models lead 
to higher classification accuracy. 
Another key avenue of exploration is suggested from our further demonstration of poor 
inter and intraobserver reliability of the existing adult software tools (SpineAnalyzer™ 
and AVERT™). In order to improve this aspect of diagnosis, we suggest improving the 
outline of the vertebral bodies as the first stage of the annotation process. Therefore, 
we plan a collaboration with Dr. Arul Selvan of the Faculty of Arts, Computing, 
Engineering and Sciences at Sheffield Hallam University to use a method known as 
hierarchical clustering-based segmentation (HCS) to more precisely outline the 
boundaries of individual vertebral bodies. We will provide Dr. Selvan with the same 
anonymised DXA scans of children used in previous phases of the study. However, the 
images will need to be downloaded and burnt to CD directly from the DXA scanner. 
This process will be performed by radiographers at SCH responsible for obtaining the 
initial DXA images. The author will provide the anonymisation codes to the 
radiographers so that images from this and previous phases of the study will be linked. 
Minor amendments to the ethical approval of the study have already been made by the 
Health Research Authority and accepted by the SCH Trust to allow this.  
The absence of an objective reference standard for “normal” vertebrae in children is a 




vertebral shape in healthy children. Therefore, our team recommend the development 
of normative data for vertebral morphology in children by gathering healthy children's 
spine images (DXA-VFA) to study change in vertebral morphology with growth. This 
would allow more valid and accurate identification of mild vertebral fractures in 
children with long-term conditions causing decreased bone density, and who are hence 
at a greater risk of fracture. The reference standard should incorporate variables 
including; age, sex, maturity, body mass index, bone age and BMD, as these might 
affect vertebral morphometry. This will help to build 2-dimensional models from DXA 
scans. Then, 3-dimensional models can be built by using existing CT images of patients 
with normal vertebrae. However, all images should be reviewed by experts in order to 
achieve the most ideal results.  
Through the adoption of these suggestions, the author believes that children at risk of 
vertebral fracture can then have their fractures identified more reliably because 
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